ne eS nm Ga " 
+ peiciseteet i aah 


“hath pavers ‘ 
oar or areas ’ ern eure 7 ree < Shih tant ont aba 
wees et ~ os oe Les , ire at nt aid) AAPL oll ah a 
We aN TEAS Yael AU oatly Sve NAL DI EE Ke ane sz eT : = - < 2 
aren r aye hese 8s 


pope 


Roane 


n 
ead 
Fai ESE ike) om OAAT 

7 


Wnts uselusvamanra-muivartnseaytamcye 
insamnnednan teaentestertseacoravhnan are raiphiietetoo tienen 


» 


Historic, archived document 


Do not assume content reflects current 
scientific knowledge, policies, or practices. 


4 
> 
LE 
SC 
=) 


eC 
y NOV5-1959 y 
U.S. DEPARTMENT OF AGRICULTURE | 


I . ee 


THROUGH FLOORS, 
WALLS, AND CEILINGS OF 


APPLE 
STOR 


Marketing Research Report No. 315 


Agricultural Marketing Service—Marketing Research Division 
UNITED STATES DEPARTMENT OF AGRICULTURE 


| ea 
re. ie 


Mr 
ae) 


a 


ee 


at i ek aay: iy: ee 
a : RRs ik: : ae ae ¥, Ps 
| Be NR a a 
ORO aL ruta 1 ea Wynn fe 3G AK, ee ee aa 
qu re Maa sigma i 
% » a oe eles r At by ‘A wae an me bo % 
ye rir Sen eg te ca 
ane Ny =i : mi Li 1s) wee od fr 
oe Sina ee a “a & 


‘ 


f} a . 
if Hae 


ae 
cy nF || cant 
ae hie it 
. Sy a Ta 


Ry dae Lak Ai nn Al Me 
an ee! 


a 
ii e 


iG 4 
Fone . 


=e] ip ape r. 
an ait? WT aA re eh tha “ae 


, eur tt ed M 
nh ) 


y ‘ pas Ban. as ak 

ae iy e yyy Re Sey ett fey Pie ao * Ae eae 
au Os e Posen) Nal aera Shar pa) ae ee Je we: 
iN a; #1; “a rip aetey ’ ahee 
Pe sh oh 
¢ a ce 
¥ ri Pia 
Ls a oe 


mus af ey 

aay 4) eae 

an ne Oe) M Hi 
ay Nie. 


ah a Shibeig | 
Ta hii 
1 i et P) iP 
a . be hu F 
inane hs ala ied 
fae ' ae ete 
Be ati i Baty 


PREFACE 


This report covers work done under a long-range 
research project at the Wenatchee, Wash., field office of 
the Transportation and Facilities Branch, Marketing 
Research Division, Agricultural Marketing Service, to 
improve the operation and design of cold storage houses 
for apples and other tree fruits. It is in two parts, one 
dealing with the heat flow through the floors of storage 
houses and the merits of insulating the floors, and the 
other dealing with the same two factors for walls and 
ceilings. 

W. V. Hukill, of the Agricultural Research Service, 
U.S. Department of Agriculture, advised in the prepara- 
tion of this report. Also, the permission of Professor 
C. O. Mackey, of Cornell University, and of the Ameri- 
can Society of Heating and Air Conditioning Engineers 


Washington, D.C. 


to reproduce portions of a report by Professors Mackey 
and L. T. Wright, Jr., is gratefully acknowledged. 

The following organizations cooperated by making 
their storage houses available for test purposes: Auvill 
Fruit Co., Inc., Orondo, Wash.; Bardin Bros., Monitor, 
Wash.; Blue Ribbon Growers, Yakima, Wash.; Cash- 
mere Fruit Growers Union, Cashmere, Wash.; Cash- 
mere Pioneer Growers, Cashmere, Wash.; Cooperative 
Growers of Okanogan, Okanogan, Wash.; Entiat- 
Wenoka Growers, Entiat, Wash.; Hanson Fruit and 
Cold Storage Co., Yakima, Wash.; Lloyd Garretson Co., 
Yakima, Wash.; Methow-Pateros Growers, Pateros, 
Wash.; Ninth Street Skookum Growers, Wenatchee, 
Wash.; Oroville Independent Growers, Oroville, Wash.; 
Small Bros., Entiat, Wash.; Ted Waterhouse, Orondo, 
Wash.; and A. Z. Wells Orchards, Azwell, Wash. 


October, 1959 


For sale by the Superintendent of Documents, U.S. Government Printing Office, Washington 25, D.C. Price 40 cents. 
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SUMMARY 


Part I—Floors 


Present methods of insulating floors of apple 
storages are too costly and cannot be justified 
economically where the ground water level re- 
mains at least 12 feet below floor level. 

Studies show that the critical ground water 
level—at which insulation is justified—is some- 
where between 5 and 10 feet below floor level. 
Allowing a safety margin of 2 feet, therefore, 
when the normal water level is less than 12 feet, 
floor insulation is reeommended. 

The heat flow rate from all storage floors is 
- high when the storage is first refrigerated, run- 
ning from 20 to 25 Btu per hour per square foot. 
After the first 2 or 3 days of operation, insulated 
fioors permit heat to flow at the rate of 2 to 4 
Btu/hr/sq ft. For uninsulated floors, the rate 
declines more slowly from the high initial rate. 

W here ground water level is below the critical 
level, however, the heat flow from uninsulated 
floors continues to decline as the season pro- 


gresses, and approaches that through insulated 
floors. Storages without insulated floors should 
always be refrigerated for a week or 10 days 
before large volumes of fruit are received. 

Breaker strips of insulation, separating the 
edge of the floor from the outside walls, are of 
value with uninsulated floors and are recom- 
mended. A strip of insulation extending down 
the wall to the footing is even more effective. 
Use of a horizontal ribbon of perimeter insula- 
tion, extending from the wall 3 to 4 feet under 
the floor, can be justified if the subfloor beneath 
the ribbon can be eliminated. 

Pumice-concrete and pumice-fill insulation are 
not always effective, and should be protected 
from moisture infiltration by a vapor barrier at 
the lower face of this material. 

Conclusions on insulation reached in these 
studies do not apply to storage houses where 
temperatures are held below 25 degrees F. 


Part Il—Walls and Ceilings 


In designing cold-storage houses for apples, 
the effect of hourly variations in outside temper- 
atures usually is not considered in calculating 
the heat flow through the walls and ceilings. 
Generally, average daily temperatures are used 
and an allowance is made for solar-heat loads 
on roofs. In this allowance, temperatures sev- 
eral degrees higher than the outside air are 
used. This practice is satisfactory if the more 
common mass-type insulation is used, because 
of its ability to absorb and store some heat. 
However, if lightweight reflective-type insula- 
tion, which can store very little heat, is used, 
variations in outside temperatures become an 
important consideration in determining refrig- 
eration loads and the design of apple storages. 

Because of these problems, research was 
undertaken to measure the performance of vari- 
ous types of insulation under periodic heat 
flows and to correlate the observed and pre- 
dicted heat flow variations; to obtain outside 
air temperatures in relation to surface tempera- 
tures of various types of walls and roofs; to 
determine the proper structural design for use 
with reflective insulation; to determine the in- 
fluence of joists and studs on the heat flow when 
insulations of various types are used; and to 
estimate the influence of daily variations in heat 


flow on the refrigeration load of a cold storage. 

In this research, the performance of walls 
and ceilings of seven apple storage houses was 
studied. These houses were selected so that dif- 
ferent types of insulation, methods of construc- 
tion, structural materials, and surfaces could be 
considered. Three of the storages were insulated 
with reflective-type insulation, three were in- 
sulated with mass-type insulation, and one had 
both types of insulation in different parts of the 
building. The effect of aluminum paint on the 
heat flow rate through an insulated roof also 
was studied. 

Results of these studies indicate that, depend- 
ing on the insulation and exposure of the in- 
sulated surface to solar radiation, there are 
daily variations in heat flow rates. Because of 
these variations, it was found that the actual 
refrigeration l6ad may be greater than the load 
for which the storage was designed. At midday 
during the receiving period, this may be less 
than 10 percent greater than the design load, 
but it could be as much as 25 or 35 percent. The 
latter condition would be found in a storage 
designed to handle products already cooled or 
frozen. 

It was found that the variation in heat flow 
affects the temperatures maintained inside the 
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storage rooms. At 1 test location, fluctuations 
from the proper storage temperature ranged 
from 8° to9° F. This range was observed when 
the refrigeration load was heavy and reserve 
refrigeration capacity was not available to cope 
with the load. At other locations, fluctuations 
of 0.5° to 2.5° were observed. Observations at 
1 location may be considered as a standard for 
comparison, because the insulation used was 4 
inches of cork, which has been accepted as a 
standard for the type of storage under study. 
Here the daily temperature variation was noted 
to be 1.0° to 1.5°. This variation may be used 
as a standard for evaluating storages with re- 
flective insulation, to see whether or not room 
temperature variations are excessive. 

For apple storages starting operation in mid- 
September, insulation should be such that a heat 
flow rate of 3 Btu per hour per square foot is 


not exceeded, and the daily average load calcu- 
lation should be based on two-thirds of this 
value. For storages insulated with material hav- 
ing less heat storage than 4 inches of corkboard, 
the thermal resistance should be increased so 
that the maximum heat transmission rate at 
midday, under conditions for which the building 
was designed, does not exceed 3 Btu/hr/sq ft. 
A method of determining the resistance re- 
quired to meet this condition is presented. 

In certain cases, it may be more economical 
to combine mass with the insulator, so as to im- 
prove its heat storage or load-stabilizing char- 
acteristics, than to add extra insulation. : 

The average amount of heat transmitted per 
day was decreased about 5 percent when alum- 
inum paint instead of black paint was used on 
a builtup roof. 


HEAT LEAKAGE Through Floors, Walls and Ceilings 
of APPLE STORAGES' 


By G. F. SAINSBURY, agricultural engineer,? 
Transportation and Facilities Branch 
Marketing Research Division 


Part I— Floors 
BACKGROUND OF STUDY 


Many apple storage houses in the Pacific 
Northwest are constructed without insulation in 
the ground floors. Lower initial cost and appar- 
ently satisfactory performance have encouraged 
this practice. 

Previous reports [4] [13]? showed that stack- 
ing directly on ground floors results in higher 
commodity temperatures in the layers of prod- 
uct in contact with the floor. This effect is more 
pronounced on uninsulated floors, but is measur- 
able in all instances, regardless of the insulation 
used. Floor racks or pallets have been recom- 
mended to avoid this undesirable condition. 


Part I of this report is a further investigation 
of the performance of and requirements for 
floor insulation in mild-temperature storages. 
Observations and conclusions from this study 
should not be applied to storages maintaining 
temperatures below 25° F. In low-temperature 
storages, freezing and heaving of the ground 
below the floor is a serious problem and cannot 
be neglected. In mild-temperature storages, 
freezing of the ground does not occur, and con- 
sideration of the overall problem is much 
simpler. 


OBJECTIVES 


The purpose of Part I of this report is to 
present data obtained on the following phases 
of heat leakage into storage houses through the 
floors: 

1. The heat leakage rates experienced during 
the initial cooling and first month’s operation of 
an intermittently operated storage. 

2. The heat leakage rates experienced through 
different types of floors during the midseason 
operation of the storage. 

3. The effect of edge breaker strips of insula- 


tion and perimeter insulation on otherwise 
uninsulated floors. 

4. The thermal conductivity of floors in- 
sulated with pumice and the thermal conduc- 
tivity observed for the ground in certain test 
locations. 

5. Methods of analyzing the performance of 
various types of floors placed on soils having 
different characteristics. 

6. An analysis of the economic justification 
of floor insulation. 


METHODS OF RESEARCH 


At some of the test locations, copper-constan- 
tan thermocouples were buried in the ground at 
depths of 2, 4, and 5 feet beneath the floor, just 
beneath the concrete floor, and at the bottom of 
the insulation where insulation was used. Meas- 
urements were taken intermittently at these 
points to determine temperature changes and 
temperature differences as the season pro- 


1 The work which is the basis of this report was done with the co- 
operation of the Washington State Agricultural Experiment Station. 

2 Resigned from the Agricultural Marketing Service. 

3 Italic numbers in parenthesis refer to items in Literature Cited, 
p. 49. 


gressed. In the test to measure heat leakage 
during the starting up of the plant, floor and 
ground temperatures were recorded continu- 
ously. ; 

Heat flow rates were recorded continuously, 
using a Gier and Dunkle heat flow meter. This 
instrument consists of a large number of 
thermocouple junctions connected in series to 
respond to the temperature difference across a 
thin bakelite slab. Since the temperature differ- 
ence varies directly with the heat flow, the 
potential developed by the heat flow meter can 
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be measured and converted into heat flow when 
the calibration constant of the meter is known. 
The meter was placed in a plywood frame cut so 
that the top of the meter was exposed to the 
room air. The meter itself was slightly warped 
and was positioned with the convex side to the 
floor. When the plywood frame was loaded with 
20 to 30 pounds of weight on each end, the heat 
flow meter was flattened and brought into good 
contact with the floor. 

Intermittent readings from buried thermo- 
couples were obtained with a semiprecision 
hand-balanced potentiometer. Continuous read- 
ings of both thermocouples and the heat flow 
meter were made with a strip-chart, multipoint, 
electronically balanced recording potentiometer. 

Where temperatures were continuously re- 
corded at several positions beneath the floor, 
they were usually plotted on a chart and aver- 
aged graphically for the desired period. Where 
only surface temperature and air temperature 
were continuously recorded, average values were 
generally obtained by totaling the values from 
the strip chart and taking the arithmetic aver- 
age. A similar procedure was used for heat flow 
meter readings. Care was required in this pro- 
cedure to see that during the period of analysis 
there were no long-term warming or cooling 
trends in the room temperature. Since the heat 
flow measurement really indicated the amount 
of heat leaving the floor surface and passing 
into the air, there was some fluctuation with 
changing air temperature. During a long-term 
change in air temperature, a considerable quan- 
tity of heat may be absorbed or liberated by the 
concrete wearing floor located on top of the 
insulation. This action obscures the true heat 
flow coming through from the ground. Some 
of the data available give an indication of the 
extent of this effect. 

In addition to the experimental observations, 
the predicted performance of various floor ar- 
rangements was calculated graphically by the 
analytical method proposed by E. Schmidt [16] 
as described by Eckert [2]. A description of 
this method is available also in the chapter on 
Heat Transfer of the ASHAE Guide [1]. 


RESULTS 


Lecation 1 


The floor of the storage (fig. 1) at location 1 
consists of 9 inches of a pumice-concrete mix- 
ture laid directly on compacted soil underlaid 
by river gravel, with a 4-inch concrete wearing 
floor above the pumice-concrete mixture. At the 
time of construction, thermocouples were placed 
at the top of the concrete floor, at the top and 
bottom of the pumice-concrete layer, and at 
points 2 feet below the finished floor surface and 
approximately 4 feet below the surface. Three 
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sets of thermocouples so arranged were placed: 
One set approximately 18 inches from a wall 
between the cold storage and a segregating 
room that is always somewhat warmer than 
outside; one set approximately 18 inches from 
an outside wall; and one set approximately 18 
inches from a partition wall that separates the 
test cold room from another cold room. This| 
last location was approximately 70 feet from | 
the nearest outside wall. 

Figure 2 shows the temperatures observed 
during one season. The position 2 feet below the 
floor has been omitted from the figure. The 
depths of the bottom positions vary slightly; 
that at the segregating room is 4 feet below the 
floor level, that at the outside wall is 414 feet 
below floor level, and that at the interior parti- 
tion wall is 5 feet below floor level. The temper- 
ature designated as the top of the pumice- 
concrete at the last location is actually the top 
of the concrete floor, because the thermocouple 
located at the top of the pumice-concrete was 
destroyed during construction. At the other 
two locations, the difference between tempera- 
tures at the top of the concrete and the top of 
the pumice-concrete was slight. 

The temperatures at the bottom of the 
pumice-concrete and at the depth of 4 to 5 feet 
were very similar for all locations for the first 
2 months. After this, the locations near the 
segregating room and near the outside wall 
were influenced by outside temperature varia- 
tions. The outside wall location showed the 
effects of low winter temperatures most clearly ; 
the segregating room wall position indicated 
some of this effect, but, more markedly, the 
effect of warmer temperature in the spring. The 
location that is distant from the side walls 
showed a continued downward trend through- 
out the spring season and less warmup at 4 to 
5 feet of depth during the period the plant was 
shut down. 

A continuous recording later was made of 
temperatures and heat flow from the locations 
near the segregating room wall and near the 
partition wall during the first 3 weeks of the 
season’s operation. Figure 3 presents the tem- 
perature record obtained. During the first 2 
weeks, the temperature of the top of the con- 
crete at the segregating room wall locations 
was practically identical with that shown for 
the partition wall position. During the last 
week, it was slightly higher. The curves show 
little temperature change initially at the 4- and 
5-foot depths. These temperatures also indicate 
that, in the position distant from the outside 
walls, the ground had not warmed up as much 
as the ground near the edges. 

Figure 4 presents the average daily heat flow 
rates observed during this 3-week period. Since 
only one heat flow meter was available, it was 
moved from one position to the other, remaining 
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FIGURE 1 


in a given position for at least 24 hours. A sub- 
stantial fluctuation of air temperature during 
each day was caused by defrosting operations 
and by warm fruit coming into the room during 
the day. This fluctuating temperature produced 
considerable variation of instantaneous values 
of heat flow ; but the flow rate assumed a cyclical 
pattern over a 24-hour period. In addition, on 
August 27, 28, and 29, a consistent upward 
trend in room temperature resulted in lower 
than normal] heat flow from the floor. On the 
30th and 31st, the trend was reversed, and 
greater heat flow rates resulted. 

From the first through the fourth day of the 
test, there were periods when the heat flow 
meter potential exceeded the full scale of the 
recorder. Heat flow rates during this time were 


determined by plotting the temperature differ- 
ence between the heat flow meter and the air 
for about a week. During the periods of less 
than full-scale instrument deflection, the heat 
flow rate and temperature difference were cal- 
culated and a film coefficient was determined for 
each location. This film coefficient was then ap- 
plied to the observed surface-to-air temperature 
difference for the periods of more than full-scale 
deflection to obtain heat flow during these peri- 
ods. The film coefficient determined for the posi- 
tion near the partition wall was 1.35 Btu/hr/sq 
ft/°F. Td. For the segregating room wall posi- 
tion, an average value of 1.61 was obtained. 
Smoothed curves have been drawn in figure 4 
between the actual values of average daily heat 
flow. After the first 3 or 4 days, the heat flow 
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FIGURE 2 


at the partition wall position tended to be about 
1 Btu/hr/sq ft less than that observed near 
the segregating room wall position. The lower 
inizial temperature of the soil beneath this posi- 
tion accounts for this difference. 

At first, very high heat flow values were ob- 
served, but such values persisted for a compara- 
tively short time. In 7 or 8 days, the average 
heat flow rate was down to about 6 Btu/hr/sq ft. 
From this point on, the heat flow rate declined 
less rapidly and was between 4 and 5 Btu/hr/ 
sq ft after 18 and 19 days. 

Several periods of heat flow observation have 
been used to determine a conductivity of the 
pumice-concrete. From this value and the ob- 
served temperature differences, the heat flow 
has been calculated and charted for the season 
at the locations near the partition between stor- 
age rooms and the location near the segregating 
room wall. The calculation includes allowance 
for heat released by the pumice-concrete as well 
as heat conducted through the pumice; but after 
the first month, the amount of heat released by 
the pumice-concrete was negligible. Figure 5 
shows the declining values of floor heat leakage 
encountered as the season progressed. This 
record is for the first season this plant was 
operated, starting in 1950, and in this case the 
ground at the position near the partition be- 
tween cold rooms was as warm initially as the 
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ground near the segregating room wall. The 
record of heat flow under starting conditions 
was made in 1956 and is somewhat influenced 
by lower ground temperature at the partition 
wall location. 

The conductivity of pumice-concrete used in 
calculating the heat flow at the segregating 
room wall was 3.12 Btu/hr/sq ft/inch thick- 
ness/°F. Td. determined in April 1951. Later 
values determined for this location were some- 
what higher; but the low value was used in 
preparing figure 5. Occasional leakage of water 
through the roof above the test location was 
indicated. At these times, water accumulated 
on the floor and gradually passed through the 
concrete and into the pumice-concrete. This oc- 
currence has likely impaired the insulating 
value of the material to some extent. 

The conductivity of pumice-concrete used in 
calculating the heat flow at the partition wall 
between the cold rooms was 3.17 Btu/hr/sq ft/ 
inch thickness/°F. Td. This value was the aver- 
age of tests in February and September 1956. 

The conductivity observed in various tests 
was substantially greater than the value of 2.42 
given in the ASHAE Guide for pumice-concrete 
aggregates and much greater than the conduc- 
tivity observed at this station for pumice block 
walls. The use of a dense aggregate in this 
instance, or the lack of a vapor barrier between 
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the ground and the pumice-concrete, may ac- 
count for this difference. Without a vapor bar- 
rier, moisture is drawn toward the storage room 
from the ground and a higher moisture content 
may be present in the pumice-concrete floor in- 
sulation than in a pumice block wall. 


Location 2 


At location 2, intermittent temperature ob- 
servations were made during the season. Heat 
flow from the floor at different locations in the 
storage was recorded during a 10-day period. 
The floor at this location was 5-inch concrete 
laid directly on the ground, which was prin- 
cipally sand and heavy river gravel. The drain- 
age at this location was good, and at the time 
the thermocouples were placed in the ground, 
no trace of ground water was noted. Two-foot- 
deep footings around the building were in- 
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sulated with 2-inch fiberglass asphalt-enclosed 
board. Thermocouples were placed directly be- 
neath the concrete, and at 2 feet and 4 feet 
down, at the following positions with respect to 
the building: 3 feet outside the building, at the 
inside edge of the midpoint of the east wall of 
the building, 2 feet in from the edge, 5 feet in 
from the edge, 10 feet in from the edge, 20 
feet in, and at the center of the 80-foot-wide 
building. 

An initial temperature observation was made 
on September 18, 1953. The storage was placed 
in operation October 1, and additional observa- 
tions were made on October 9, October 19, and 
November 12. The plant was shut down shortly 
after November 12, operating over a much 
shorter season than is normal for most storages 
in the vicinity. 

Figure 6 presents part of the temperature 
record obtained. A steady decline of tempera- 
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tures during the period of observation is ap- 
parent. The edge position shows generally 
warmer temperatures at the comparable depths 
than other positions, but the other positions are 
not progressively cooler as one goes from the 
edge toward the center. This indicates that, for 
the period of observation, the effect of conduc- 
tion around the edge does not extend very far 
into the storage. 

Observed heat flow records at this location 
are summarized in table 1. From these data and 
temperature observations, conductivity of the 
ground was determined and the heat flow for 
the various periods of observation was calcu- 
lated. Figure 7 shows the variation of heat 
flow as the season progressed for the position 
2 feet in from the wall and for the position at 
the center of the room. These calculations in- 
clude the heat conducted through the earth and 
also the heat released from the section of ground 
through which temperature differences were 
measured. 


Location 3 


At location 3, temperatures under the floor 
and heat flow from the floor were measured in 
much the same manner as at location 2. The 
floor at this location is 5-inch concrete poured 
on 10 to 12 inches of gravel with a rather heavy 


6 


silt soil beneath. Drainage through this soil is 
rather poor, and water was encountered in the 
center location at the 5-foot depth. Thermo- 
couples were placed directly beneath the con- 
crete floor, 30 inches beneath the concrete, and }|- 
5 feet beneath it at each location. These loca- 
tions were as follows: 3 feet outside the mid- 
point of the north wall of the building; at the 
edge of the north wall midpoint; and at points 
2, 4, 12, 25, and 50 feet in from the edge of the 
building, the last point being at the center of 
the 100-foot-square building. A form of perim- | 
eter insulation was used on this building, but it | 
differed from that used at location 2. A 3-foot- 
wide ribbon of 4-inch-thick fiberglass asphalt- 
enclosed board was installed as shown in figure 
1. In the thermocouple positions covered by the 
ribbon, 2 additional thermocouples were in- 
stalled to measure the temperature at the top 
and middle of the insulation. 

This storage was placed in operation October | 
1, 1953, and was refrigerated until mid-Febru- 
ary 1954. Part of the intermittent temperature 
record is presented in figure 8. The heat flow 
observations are summarized in table 1. These 
heat flow measurements and the temperature 
measurements have been used to calculate the 
heat flow at various times during the season for 
the position at the center of the building. Figure 
7 shows the change in heat flow rate as the 
season prorressed. 

The pattern of heat flow from the center of 
the floor at this location differed considerably 
from the pattern observed at location 2. Ini- 
tially, the heat flow was much higher at location 
2, but the rate dropped off much faster. Soils of | 
the type at location 2 normally have a greater 
conductivity but a lower moisture content than 
those at location 3. At location 2, more heat 
flowed into the storage at first; but the heat 
stored in each foot of the soil was less, and a © 
greater layer of cooled ground was available | 
sooner to act as insulation for the floor. 


Location 4 


At location 4 is the storage described by | 
Hukill and Wooten [4]. Thermocouples were 
buried in two sections of the basement floor. 
One section was insulated with 6 inches of wet 
pumice placed on top of the earth without a 
vapor barrier between the ground and the 
pumice. The other section was insulated with 5 
inches of dry pumice protected from moisture 
by a vapor seal. In both sections, a 4-inch con- 
crete wearing floor was poured above the 
pumice. A complete discussion of the insulating 
characteristics observed during the first 2 sea- 
sons of operation in 1943 and 1944 is available 
in the report [4]. The authors concluded that 
the conductivity of wet, unprotected pumice was 
1.9 times as great as that of the dry, protected 
pumice. 


TABLE 1.—Floor heat leakage and conductance observed at locations 1-5 


Conductivity of — 
Location Date of test Construction details fon. tea a" 6. rival tege 
observed Insulation Ground ; ; 
PI At Meorecating ie 27-30, 1951 peeved tt Sarees ft hal aun Btu/hr/sq ft/°F. Td. 
TOOMMAWal ehewste eras < sc. Feb. 24-27, 1956 ||9” pumice concrete on 2.17 4.88 11.9 Dae eh cane le te 
. Sept. 4-5, 1956 ground with 4” con- 14.4 3.78 11.6 "1.65 
—At partition wall. ..|/Feb. 18-20, 1956 crete finish floor. | 1.57 3.44 I Se aera eae 
Sept. 1-4, 1956 23.71 | 2.88 14.8 1.35 
#1A—In center of room. oer 20, 1956 ae pumice fill-5” con- 1G: | UE Re eeearcril (dn Mee eae 1.39 
Sept. 10, 1956 crete finish floor. { Dees oe semeenalloacaee ate 1.53 
#2—1 ft. from wall..... Oct. 9-13, 1953 5” concrete finish floor (eile) kaa acoac Weck Sesser o Mae 
—5 ft. from wall..... Oct. 13-16, 1953 on ground, 2” insula- BOB iar lu reesee eal ree rence aye 
—At center room . Oct. 16-21, 1953 tion down footings. : ey a eee ANION | eee gel clamiane ice one 
#3—11% ft. from W. 
Wall ersva sever: sates Nov. 18-20, 1953 |)5” concrete finish floor LO Picts detsvasdosial| oxctencre earth eee cetera Ruston ee 
—5 ft. from W. wall. .| Nov. 17-18, 1953 on ground-4” thick | SROS opi: ave eret ac ells, revs nates | (tees coon: Rie ee eee 
—Center of bldg......] Nov. 16-17, 1953 Fiberglas AE. board Saleen Pee A ee LORS Te h|Cee es ee 
—Center of bldg. ribbon 3 ft. wide all 
covered by fruit..| Nov. 20-23, 1953 around outside of bldg. SOD ul hesta ahr peeeca|fbektue keel Oke oe somes eee 
#4— Center of room..... Feb. 29-Mar. 2, | 6” unprotected pumice .99 1.64 6.31 1.24 
1956 on ground. 
—Center of room..... Mar. 2-5, 1956 5” protected (dry) pum- 1.02 1.09 8.0 1.44 
ice on ground. 
#5—Center of room..... Mar, 22-23, 1956 | 3” corkboard-waterproof 1.79 SPY 44 Na Oars eho 1.28 
membrane and con- 
crete subfloor-53°F. 
water in ground at 
— floor level. 


118 days after starting. 
215, 16, and 17 days after starting. 
310 days after starting. 


Since the thermocouples were still in place 
_and operative, a test was made in 1956 to deter- 
mine whether this difference still existed after 
13 seasons of operation. The results, given in 
table 1, indicate that the conductivity of the wet 
_ pumice is still 1.5 times greater than that of 
the dry, protected pumice. However, the ground 
conductivity determined for each location shows 
a greater conductivity beneath the dry pumice. 
Possibly the presence of a vapor barrier in this 
area tends to accumulate moisture in the ground. 
In some respects this action tends to minimize 
the advantages of dry pumice, because at mid- 
season, when these observations were made, the 
insulating effect of the ground is an important 
factor in the overall insulating effect. During 
the first month or two of operation, however, 
until a considerable depth of ground can be 
cooled and its resistance added to that of the 
floor insulating material, the dry insulation 
would show a much reduced heat flow into the 
room as compared to the wet pumice. 


Location 5 


At location 5, the ground water level was as 
high as the basement floor level. The tempera- 
ture difference across the floor insulation was 
determined by measuring the temperature of a 


stream of water entering a well just below floor 
level. The observed conductivity for the insula- 
tion compared very well with published ‘K” 
values for corkboard. 

When this particular storage was constructed, 
the owner was aware of the proximity of ground 
water to the basement floor level and insulated 
the floor and protected the insulation. The ob- 
served temperature difference, 19.7° F., through 
the insulation at location 5, is much greater than 
the 4.7° F. difference observed through the in- 
sulation at location 4 at the same time of the 
year. This difference is a clear indication of the 
need for insulation where the ground water 
level is close to the floor level. 


Other Locations 


In addition to the above tests, floor heat leak- 
age has been measured in other storage rooms 
and the results are given in tables 2 and 3. In 
these storages, thermocouples for determining 
temperatures at various depths in the ground 
were not available and an evaluation of ground 
conductivity is not possible. 

A number of the floors were tested in Feb- 
ruary and March. At this time, all had been in 
operation for 5 months and some had operated 
for 6 to 614 months. Most of the uninsulated or 
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semi-insulated floors tested had a heat leakage 
rate of from 1.0 to 1.68 Btu/hr/sq ft in the 
uncovered area of the floor. The floors at loca- 
tions 6, 7, and 10, which are insulated in various 
ways, had leakage rates substantially less than 
1 Btu/hr/sq ft. The floors at locations 1A and 
at 14 did not show such a favorable heat flow 
rate, although they are insulated with 12 inches 
and 10 inches of pumice and this is similar to 
the insulation at location 10. The reason for 
this is not clear, but it is possible that moisture 
content of the pumice, conductivity of the 
ground beneath, and water level in the ground 
are factors entering into this difference. 


Position Near Segregating Room Wall 
@—« Position Near Partition Wall Between 
Cold Rooms 
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Film coefficients for the conductance from 
surface to air have been obtained in a number of | 
cases, and these serve as a check on the heat — 
flow measurements. Film coefficients for the | 
tests at locations 6 and 10 are the highest and 
lowest values obtained. Both these locations | 
experienced low rates of heat leakage. There-- 
fore, the temperature difference from surface 
to air is small and a very slight error in the 
measurements would make a considerable differ- 
ence in the calculated film coefficient. Most of 
the film coefficients are in the range considered 
normal. 


DISCUSSION 


Heat Flow Through Covered Sections of Floor 


Measurements were made at locations 3, 11, 
and 12 where the heat flow meter was covered 
by a stack of boxes containing fruit that was 
already cooled. In all such cases, a very low 
rate of heat flow was observed. Usually the heat 
flow was about 10 percent of that observed from 
the uncovered floor in the same vicinity. 


Perimeter Insulation of Floors 


Dwellings constructed with concrete slab 
floors laid on the ground have often experienced 
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serious heat losses around the edges during the 
winter. The ASHAE Guide contains a discus- 
sion of this subject, together with data on sug- 
gested forms of perimeter insulation. Some 
observations concerning the relation between 
heat leakage from floors and the distance from 
the outside walls of the storages were obtained 
during this study. 

At location 15, the concrete floor extended 
unbroken to the outside building-wall footings 
and provided an excellent heat conduction path. 
Measurements of heat flow rates at various dis- 
tances from the wall are given in table 3. 


\ 


TABLE 2.—F loor heat leakage and surface film conductance observed at locations 6-13 


Location 


- #6—Center of room... 


#7—Center of room... 


—2 ft. from 
sidewall...... 


#8—Center of room.. 


—Center of room.. 


#9—Center of room.. 


#10—Center of room.. 


#11—Center of room.. 


#12—Center of room.. 
—Center of room. . 
—Center of room. . 


—Center of room.. 


#13—15 ft. from 
W. wall 


i Tempera- 
at e 
Date of test Construction details flow differsnee. Film Remarks 
observed surface coefficient 
to air 
Btu/hr/sq 
Btu/hr/sq ft | Degrees F.| ft/°F. Td. 
Feb. 28-29, 1956 | 3” corkboard, 1” air 0.62 0.75 0.83 
space, wood finish 
floor, concrete 
subfloor. 
Jan. 14-20, 1954 |)6” shavings, wood SO 4Ge | 2 ee eereras| erences 
finish floor, concrete 
subfloor. 
Jan: W4—20 219548 iil oe lea mae ete. 5) = ath eacatanetene nena een Rae 2 
Mar. 5-8, 1956 Concrete on ground, 1.20 ee 1.03 
basement room. 
Mar. 8-9, 1956 Concrete on ground at 1.65 lea 1.5 
grade level. 
Mar. 9-10, 1956 | Concrete on 18” gravel LOBE NM esstns,tatele, | Mvaxinceete earn 
fill. 
Mar. 14-15, 1956 | 12” protected pumice 46 B23. 2.0 


Nov. 13-20, 1951 


Dec. 18-24, 1953 
Dec. 18-24, 1953 
Dec. 18-24, 1953 


Dec. 18-24, 1953 


Oct. 14-15, 1952.. 


At location 14, an edge breaker strip of 4- 
inch pumice-concrete in the floor places addi- 
tional thermal resistance in the heat conduction 
path from the outside. Measurements of heat 
flow rates from the floor at various distances 
from the outside are given in table 3. 

Figure 9 compares the observation at loca- 
tions 14 and 15. The two locations should not 


fill on dry ground, 
concrete finish floor. 
Concrete on 12” gravel 
fill. 
} 


Concrete on ground. 


Concrete on ground. 


Heat flow meter 
under stack of 
fruit. 

Heat flow meter on 
uncovered section 
of floor. 

Heat flow meter 
between box rows. 


.| Storage had been 
in operation for 
about 3 weeks. 


be compared directly because location 14 had 
been refrigerated for 8 months and location 15 
had been cooled for only a month and was oper- 
ating in the warmest part of the season when 
the observations were made. 
adding about 50 percent to the observed values 
at location 14, the heat flow rate at points 3 
feet and farther away from the edge will be 


However, by 


TABLE 3.—Relation between floor heat leakage and distances from outside wall for 
storages with and without edge breaker strips 


Location 


Date of test 


Construction details 


Heat leakage 
observed 


Remarks 


#14— 6 in. from S. wall. 
— 2 ft. from 8. wall. 
— 4 ft. from S. 
— 6 ft. from S. 
—10 ft. from S. 
—15 ft. from S. 


#15—At W. wall 
— 6 in. from W. wall 


pacer 


June 15-16, 1954 
June 20-21, 1954 
June 18-19, 1954 
June 17-18, 1954 
June 16-17, 1954 
June 21-22, 1954 


Aug. 8-10, 1951 

Aug. 10-13, 1951 
Aug. 18-20, 1951 
Aug. 16-18, 1951 
Aug. 13-15, 1951 


10” protected pumice 
fill, 4” concrete floor 
above, 4” pumice 
concrete breaker strip 
at edge of finish floor. 


8” pumice fill between 


concrete subfloor and 
concrete finish floor 
no breaker strip at 
edge. 


Btu/hr/sq ft 


8 St 


Storage had been in 


operation since pre- 
vious October. 


orage had been operat- 
ing about 4 weeks 
when these observa- 
tions were made. 
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comparable at the two locations. After applying 
this factor, the heat flow rate at the 2-foot posi- 
tion at location 15 is about 20 percent greater, 
and at the 6-inch position is about 40 percent 
greater than the rate at location 14. This is a 
rather rough comparison, but it does indicate 
that an undesirably high rate of heat flow 
around the perimeter of the storage will be 
encountered if a breaker strip is not installed. 
The relation that this heat flow will have to the 
total load from the floor will vary with the size 
of the room and the shape of the room; that is, 
whether it is square, or long and narrow. 

Some of the work done at locations 2 and 3 
was intended as a comparison of two methods 
of providing perimeter insulation. At location 
2, the insulation extended down the inside of 
the footing; at location 3, the insulation ex- 
tended back under the floor for 3 feet. The 
latter method appears more efiective but costs 
more to install. Here again, direct comparison 
of the results of the observations are difficult. 
The soil conditions at the two locations were 
greatly different. At location 3, the fruit was 
stacked directly on the floor; at location 2, fruit 
was on pallets and air could pass between the 
fruit and the floor and carry away the heat from 
the ground more readily. However, these con- 
clusions can be drawn: At location 2, the heat 
flow rate near the edge was about 114 times the 
rate at the center, whereas at location 14, where 
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only a breaker strip was provided without in- 
sulation of the footing, the heat flow near the 
edge was 2 to 3 times greater than at positions 
substantially removed from the edge. There- 
fore, it seems that footing insulation has some 
merit. At location 3, the heat flow measured at 
the center of the section above the insulating 
ribbon was less than at the center of the room, 
and we can conclude that it was an effective 
edge insulation. One observation regarding this 
installation was that the measured heat flow 
from the floor above the insulating ribbon was 
1.94 Btu/hr/sq ft. The calculated heat flow 
through the insulation of the ribbon, based on 
observed temperature difference across the in- 
sulation and the conductivity of the insulation 
used, was less than 40 percent of this amount. 
Conduction through the concrete from the sub- 
floor beneath the insulating ribbon into the 
floor at the inner end of the ribbon probably 
accounts for this discrepancy. 

The determination of a proper width for a 
perimeter ribbon insulation beneath a floor is a 
very complex problem; but the curves on figure 
9 indicate that beyond 4 feet, the edge effects of 
conduction from the outside are not serious. 
Probably a 4-foot-wide ribbon is adequate. A 
board form insulator that is impervious to mois- 
ture would allow the installation of a ribbon 
without a connection between the main slab and 


the ribbon subfloor and possibly achieve some- 
what better performance than was observed in 
this case. 

Ward and Sewell [18] have published some 
information that can be used to estimate the 
additional heat load due to edge effect with 
floors insulated in various ways. They used a 
ratio that involves ground temperature, storage 
room temperature, and temperature of the 
boundary between ground and bottom of insula- 
tion. This temperature ratio is plotted against 
a ratio between conductivity of insulation and 
width of room. The distance from the edge at 
which a given temperature ratio will prevail 
can be obtained from the plotted data. The 
temperature of bottom of insulation can be de- 
termined for a given ground temperature, and 
the heat flow into the room calculated. 

A calculation of this type was made to deter- 
mine the edge effects in a room 100 feet square 
where the floor is 5 inches of concrete. The edge 
effect increased the heat flow from the floor 
during the loading’ period 24 percent, if the 
plant operated to receive fruit in September, 
and 19 percent, if the plant started operation in 
October. The total heat load encountered in a 
season running from October through May 
would be increased by 15 percent by the edge 
effect. If a 6-inch breaker strip of insulation 
between the floor and the footing is used, the 
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September design load is increased only 10 per- 
cent by the edge effect; the October design load 
is increased 7.5 percent and the overall season 
load is increased only 5 percent. 

A similar calculation for a floor insulated 
with 2-inch sheet cork indicated that edge ef- 
fects were negligible as far as overall heat load 
and design heat leakage are concerned with a 
plant that is operated intermittently and must 
be pulled down to temperature each year in the 
late summer. 


Analytical Determination of Heat Flow Rates 


The experience gained in obtaining the vari- 
ous results presented here has called attention 
to many of the shortcomings of field observation 
of heat flow from floors. Obtaining a reason- 
ably comprehensive body of data is laborious; 
fluctuations in storage temperatures can influ- 
ence the observations greatly. Temperature be- 
neath floors can be obtained only in those cases 
where thermocouples can be placed at time of 
building construction. Moisture changes in the 
soil beneath the floor are of great importance 
and are usually undetermined as the season 
progresses. 

To supplement the data in this report, graphic 
analyses of temperature changes beneath floors 
have been made by the methods described by 
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Eckert [2]. Details of the analysis used to com- 
pare the analytical and observed results at loca- 
tion 2 are given in the appendix. On figure 7, 
the heat flow rates calculated by the analytical 
method are shown on the same chart with the 
observed heat flow, and generally good agree- 
ment is apparent. 

In figure 5, heat flow determined by the 
analytical method for location 1 is shown. A 
calculation has not been made for location 3, 
because of the uncertainties regarding water 
level in the ground beneath the floor, and also 
because the temperature in this room was not 
immediately reduced to the normal operation 
level. Instead, the temperature was first set at 
38° to 40° F., and then the control point was 
reset several times during the following 8 weeks 
until the air temperature was finally brought to 
32° F. This change in room air temperature 
setting complicated the analysis to the point 
that it did not seem worthwhile. 

Since the method of analysis gave reasonable 
agreement with observed heat flow rates in the 
two instances where a check could be made, it 
appeared that the method could be useful in 
extending this study of floor heat leakage. With 
this method, the effect of selected variables 
could be evaluated far better than is possible 
in field testing. 
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FIGURE 10 


Figure 10 shows the season heat flow rates as 

calculated by this method of analysis for various 
combinations of floor insulation, water level in 
the soil, and soil characteristics. Two soil char- 
acteristics have been considered, one having a 
conductivity of 12 Btu/hr/sq ft/inch thick- 
ness/°F. Td. and a diffusivity of 0.0455 sq ft/hr, 
and the other having a conductivity of 10 and a 
diffusivity of 0.023. The first condition repre- 
sents a heavy gravel soil with a dry density of 
140 pounds per cubic foot and about 1 percent 
moisture content; the second represents a silt or 
clay soil with a dry density of 110 pounds per 
cubic foot and 13 percent moisture. 
_ Heat flow rates were calculated for floors 
without insulation and placed over dry ground, 
and over ground with water at depths of 11 feet, 
9 inches, of 5 feet, 9 inches, and of 3 feet, 9 
inches. Heat flow curves for floors with 2-inch 
and 4-inch cork insulation also are shown. 

All curves were calculated from data obtained 
in the manner detailed in appendix A. In all 
cases where the water level was 11 feet, 9 inches 
or lower, the initial surface temperature and 
ground temperature for the first 4 feet was 
taken as 65° F. and the ground temperature 
declined from this value to a steady value of 
52° F. + 14° at a depth that is dependent upon 
the diffusivity of the soil. For diffusivity of 
0.0455 this depth is 43 feet, and for the soil with 


diffusivity of 0.023 it is approximately 30 feet. 
The 1° fluctuation that takes place at these 
depths lags behind the seasonal temperature 
variation by approximately 220 days. Formulas 
used in calculating ground temperature range 
and lag time for various depths are given in 
appendix A. The 52° value has been selected, 
since it is the average annual temperature in 
this region. 

Where water in the soil has been assumed at 
various depths, the analysis has been simplified 
by assuming that the soil characteristics are 
constant as the water level is approached, and 
that the water level is constant at the assumed 
level. It is unlikely that either assumption is 
strictly correct. Where heat flow has been cal- 
culated with water in the ground, the average 
water temperature has been taken as 52° F. 
The October 1 water temperature was taken as 
60° and the water temperature was assumed to 
fluctuate with an annual cycle that is about 60 
days behind outside conditions. On this basis, 
ground water temperatures are near their 
maximum at the start. These water tempera- 
tures are similar to conditions observed in this 
area. 

In the analyses made for the uninsulated floor 
with water at the depths of 3 feet, 9 inches and 
5 feet, 9 inches, the initial ground temperature 
has been assumed to decline on a straight line 
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from 65° F. at the surface to 60° F. at the water 
level. This is slightly different from the initial 
ground temperature profile used on the other 
analyses. 

In all cases, the curves have been drawn for 
a reduction in room air temperature from 65° 
to 32° F. at a rate of 3° per hour, and steady 
maintenance of 32° F. air temperature from 11 
hours onward. The curves are drawn for loca- 
tions sufficiently distant from the edge to be free 
of edge effects. Admittedly these assumptions 
tend to simplify the case and it may be argued 
that the various factors will depart somewhat 
from the assumptions; but analyses based on 
these assumptions show a number of very im- 
portant characteristics for floors in intermit- 
tently operated coolers. 

The curves in figure 10 show that for the first 
day of operation the heat flow from all floors is 
extremely high because heat is coming directly 
from the concrete slab. After the first day, the 
load decreases more rapidly with the cork- 
insulated floors than with the uninsulated floors. 
After the fourth day, the cork-insulated floors 
reach a heat flow rate of 2 Btu/hr/sq ft and 3.2 
Btu/hr/sq ft, respectively. The decline in heat 
flow rate is relatively slow thereafter. By the 
end of the fourth day, most of the heat stored in 
the concrete wearing floor and insulation had 
been removed and the heat came from the 
ground beneath the insulation. 

Heat flow rates for the uninsulated floors 
decline more gradually. Most floors reach the 
6 Btu/hr/sq ft rate in 7 or 8 days and some 
reach the 4 Btu/hr/sq ft rate in 15 to 25 days. 
Approximately 50 to 70 days is required to 
reach the 2 Btu/hr/sq ft rate. The uninsulated 
floors where water exists at the levels of 3 feet, 
9 inches and 5 feet, 9 inches exhibit a unique 
characteristic. Their pulldown curves are simi- 
lar to the curves for dry ground until they reach 
a certain point; thereafter, the curve flattens 
out and tends to drop only as the ground water 
temperature drops. When the ground water 
temperature increases in the late spring, the 
heat flow rate starts to rise. The heat flow rates 
for the uninsulated floor with water level at the 
depth of 11 feet, 9 inches compare so closely 
with those calculated for dry ground that the 
curve has not been included in figure 10. 

The calculation made for heat flow where an 
uninsulated floor is located on a silt or clay soil 
is of interest. Where water is present at the 
level of 3 feet, 9 inches, the heat flow is not as 
great as with the heavy gravel soil; but where 
the water table is so far down as to be no factor 
in the analysis, the heat flow from the floor on 
the silt or clay soil is greater than from a floor 
on gravelly soil. 

The shape of the heat flow curve for an un- 
insulated floor is dependent on both the thermal 
conductivity and the diffusivity of the soil upon 
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which the building is located. Examination of 
the analysis used in appendix A shows that the 
time interval used in the construction figures is 
a function of the diffusivity, and a lower value 
for this quantity gives larger time units. In 
figure 10, the curves for the two different soil 
conditions where water level in the ground is 
tco deep to be a factor are compared. For the 
most part, the curve for the example with lower 
diffusivity, the silt or clay soil, is similar to the 
other except. that the time interval to get to a 
given heat flow value is about 40 percent 
greater. 

The relationship of conductivity and diffus- 
ivity for various soils is important in this dis- 
cussion. Figures 11 and 12 give some informa- 
tion on these quantities for various soils. The 
data on conductivity have been taken from 
Kersten’s [8] work and replotted as a function 
of moisture for different dry densities of soil. 
The diffusivity values have been calculated for 
the various densities, moisture contents, and 
corresponding conductivities, using a dry soil 
specific heat of 0.2 and a specific heat of water 
of 1.0. The data are shown on two charts, one 
for sandy or gravelly soils, the other for clay 
and silt soils. 


Economic Analysis of Floor Insulation 


The average heat flow from each of the vari- 
ous types of floors has been determined graph- 
ically for a 7-month period and is given in 
table 4. An adjusted value of heat flow that 
takes account of the increase due to edge effects 
on a building 100 feet square is given for un- 
insulated floors on ground where the water level 
is 11 feet, 9 inches deep or lower. When the 
water levels are at 5 feet, 9 inches and 3 feet, 
9 inches, the edge effect is not significant. 

The table also indicates the load encountered 
with each type of floor 7 days after starting. It 
is assumed that the storage would be cooled for 
a week before loading is started. The heat flow 
rate at 7 days determines the load for which 
refrigeration capacity would be provided. The 
average season load determines the seasonal 
operation cost. 

To compare the economy of various floor 
treatments, the operating and refrigerating 
equipment investment costs and the investment 
charges for the various floor insulation treat- 
ments are evaluated. 

The economic evaluation has been based on 
the following factors: 

1. Refrigeration equipment costs $600/T.R. 
capacity. 

2. Total annual fixed charges on refrigeration 
equipment—15 percent. 

3. Total annual fixed charges on insulation 
and subfloors—9.5 percent. 

4. Average power required per T.R. capacity 
== ekw: 


TABLE 4.—Heat flow calculated from various types of floors by analytical procedure 


Description of floor construction 


Ground K 12, diffusivity 0.0445 

4” cork under 5” concrete finished floor and above 4” 

concrete SUDHOOrs !4r.0 66. cn we es ha cee olelntdeib ius van 
2” cork under 5” concrete finish floor and above 4” 

Concrete subMOOr sees ccc sau: sotto wenentaNue cea 
5” concrete on ground, water level much lower than 

11’-9", no edge breaker...........0 00.0.0. ccc cee eee eee 
Same as above with edge breaker........................ 
5” concrete on ground, water level at 11’-9” depth, no 

edgesbreakertyn greys <5 ac niens aera ays cart eiat sees 
Same as above with edge breaker........................ 
5” concrete on ground, water level at 5’-9” depth 
5” concrete on ground, water level at 3’-9” depth 


Ground K 10, diffusivity 0.023 
5” concrete on ground, water level much lower than 
11’-9" with edge breaker 


Average Average annual Heat flow Refrigeration 
annual heat heat flow rate rate 7 days capacity required 
flow rate adjusted for after start per 1,000 sq ft 

edge effect 

Btu/hr/sq ft Btu/hr/sq ft Btu/hr/sq ft Tons 
1.225 1.9 0.158 
1.5 3.0 .25 
1.95 2.14 6.5 54 
1.95 1.98 6.1 502 
2.15 2.31 6.5 .5o4 
205 2215 6.1 . 502 
3.24 3.24 6.5 .54 
4.55 4.55 7.1 .09 
2.5 2.5 G20 .633 


5. Average energy cost, 1.5¢ kw hr. 

6. Annual operating period, 210 days=5,040 
hours. 

7. Installed cost of insulation in floors at 
20¢/ft b.m. 

8. Installed cost of subfloor beneath board 
insulation at 45¢/sq. ft. . 


On this basis, the cost of insulating a floor 
with 4 inches of cork board and providing a 
subfloor is $1.25 per square foot. The cost of 2 
inches of cork board placed on a subfloor is 
$0.85 per square foot. The cost of a 6-inch-wide 
cork breaker strip, 5 inches deep, around the 
edge of a 100’ * 100’ room is $0.02 per square 
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foot of floor area. This last figure will vary 
with room size and shape. 

Storages with uninsulated floors should be 
operated for about a week to 10 days before 
loading starts, whereas a storage with insulated 
floors can start receiving after about 3 days. 
Therefore, the analysis includes an extra charge 
in the annual operating cost column for a week’s 
operation for storages without floor insulation. 
This has been calculated on the basis of a 100- 
x 100-foot palletized storage room and is ap- 
proximately $5.00/1000 square feet of floor. 
This figure varies for different sizes and shapes 
of storages, but for the purposes of this analysis 
the figure given represents a reasonable value. 

Table 5 shows the annual investment charges 
on the refrigeration capacity required per 1000 
square feet of floor, the annual operating cost, 
and the investment charges for any insulation 
that may be involved. Tctal annual costs show 
that where ground water level is at least 11 to 
12 feet below the floor, satisfactory perform- 


ance may be expected at a lower cost than if 
insulation is used. In these cases, a breaker strip 
will pay for itself. 

Although the total annual cost of operating 
an uninsulated floor, where the water level is 
about 4 feet below floor level, is less than the 
cost for the 2-inch or 4-inch cork insulated 
floors, another factor must be considered in this 
instance. Here the average season heat leakage 
rate is 4.55 Btu/hr/sq ft, and for the first month 
and a half it is between 6 and 7 Btu/hr/sq ft. 
These values are above normally tolerated levels 
of heat inflow to fruit storages. Maintenance of 
a satisfactory humidity in a storage where such 
a large heat leakage rate occurs is difficult if not 
impossible. Insulation would be required for 
this floor to maintain acceptable conditions in 
the storage-regardless of the economic consid- 
erations. Probably the floor with water at the 
5-foot, 9-inch depth would require insulation for 
the same reason. 


RECOMMENDATIONS 


The experimental and analytical results of 
this study may be combined to answer some 
questions regarding ground floor construction 
for intermittently operated coolers. Where 
ground water is close to the floor level, the ex- 
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perimental results at location 5 and the an- 
alytical calculations show the necessity for 
insulation. 

The use of breaker strips for uninsulated 
floors located where the ground water level is 


TABLE 5.—Fixed and operating costs per 1000 square feet of floor area for various types 
of floors calculated from heat flow rates shown in table 4 


Description of floor construction sna veuaent py oe eRe reeearene Total 
equipment equipment insulation 
Dollars ollars ollars C 
Ground K 12, diffusivity 0.0445 bik iia: iss ads 
4” cork ynser 3 concrete finish floor and above 4” 
Comenrete!subMOOrs hiss 520s os ae cc seicts og own edse teh aes « 14.23 7.72 8.7 40.65 
2” cork under 5” concrete finish floor and above 4” ee vee 
concrete'subfloor’...0. 0.2... eee ccc cee eeeeee 22.50 9.45 80.70 112.65 
5” concrete on ground, water level much lower than 
Ue Oc eM ONDRCAKE ak tis cidsnus hs ee aes on eine pea 48.60 1850) | eee e 67.10 
Same as above with edge breaker....................... 45.20 17.50 1.90 64.60 
5” concrete on ground, water level at 11’-9” depth, 
movedeeibrealcen. 20a. oh. eu oe qe oe Bae e  dodeoaacue. 48.60 19% 56" ed |) see ston eras 68.16 
Same as above with edge breaker....................... 45.20 18.56 1.90 65.66 
5” concrete on ground, water level at 5’-9" depth......... 48 .60 Zowd2s onl)" Meee 74.02 
5” concrete on ground, water level at 3/-9"............... 53.10 Boe Oe OP | ware me 86.80 
Ground K 10, diffusivity 0.023 
5” concrete on ground, water level much lower than 
HIv—9"" with edge bréaker.... 6.0.0... ceca tne eade cess 57.00 20.70 1.90 79.60 


lower than the critical depth can be recom- 
mended on the basis of the analytical results. 
The experimental results indicate an even 
stronger case for the breaker strip. The ob- 
servations regarding the use of perimeter in- 
sulation down the footing do not provide sufii- 
cient information to make an economic analysis ; 
however, the economic analysis for a breaker 
strip shows that with an annual investment 
charge of $4.40 per 1000 square feet, the instal- 
lation of an edge strip is a break-even proposi- 
tion. On this basis, 2.3 times as much material 
could be installed as was contemplated in the 
breaker strip. Instead of using a 6-inch-wide 
breaker, a 3-inch breaker and footing insulation 
2 feet deep could be provided and would stay 
within the allowable cost. Experimental data 
indicate that the footing insulation does reduce 
the edge heat flow more than a breaker in the 
slab; therefore, footing insulation can be justi- 
fied. The width of a breaker strip should be 
about 6 inches, because the benefit is gained by 
placing additional ground in the path through 
which heat must pass before coming up through 
the floor. When the insulating material is ap- 
‘plied as a footing insulation, 3-inch thickness 
should be adequate for this service and it is 
possible that insulating the footings for a 3-foot 
depth with 2-inch material would represent a 
more advantageous distribution of material 
than that suggested above. 

On the basis of insulating material costs, a 
3-foot-wide, 2-inch-thick perimeter ribbon could 
also be justified; but the problem of a base for 
the material must be considered. If a moisture- 
impervious insulation is laid on well compacted 
soil without a subfloor, the use of a ribbon is 
justified. When the cost of a subfloor for the 
ribbon is added, the ribbon treatment becomes 
less attractive. 


Table 5 may be used to evaluate the allowable 
cost of a contemplated floor insulation for an 
intermittently operated cooler. Assume that the 
proposed insulation is known to approximate 
the performance of 4 inches of corkboard. From 
table 5, the sum of the annual investment 
charges on equipment, plus the annual equip- 
ment operating charge for the floor with 4 
inches of cork insulation, is $21.95 per 1,000 
square feet. Assume that the floor is located on 
gravelly soil with ground water at a noncritical 
level and is similar to the third item in table 5. 
The sum of the various charges against this 
treatment are $67.10 per 1,000 square feet. If 
the difference between the charges ($67.10 — 
$21.95 — $45.15) is divided by 0.095, the total 
of annual investment charges on insulation, an 
investment of $476 per 1,000 square feet is the 
maximum that can be justified. The amount 
that could be justified for insulation equal to 
2-inch corkboard is $370 per 1,000 square feet 
when calculated in the same manner. 

These figures point up one of the problems of 
justifying floor insulation. The cost of the sub- 
floor is a very substantial portion of the cost 
and contributes nothing to the insulating quali- 
ties of the floor. Some study of conventional 
floor insulating methods in this type of struc- 
ture should be made in order to devise a suitable 
construction eliminating the subfloor and using 
a moisture-impervious insulator directly on the 
ground. 

The results obtained with semi-insulators 
such as pumice fill or pumice-concrete in these 
tests were quite variable. Some pumice fills 
tested have shown markedly lower heat flow 
rates than uninsulated floors while others have 
not shown very great advantages. The perform- 
ance of the pumice-concrete floor was not much 
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better than the average uninsulated fioor. Those 
instances where semi-insulators have performed 
to best advantage have been installations where 


a vapor barrier was used to protect the insula- 
tion from the influx of moisture from the 
ground. 


CONCLUSIONS 


This study shows that where the ground 
water level is at a considerable depth beneath 
a floor, present insulation methods are too costly 
to be justified. The critical water level appears 
to be somewhere between 5 and 10 feet below 
floor level, and this is lower than the level at 
which insulation can be justified on a strictly 
economic basis. Insulation for floors where 
water level is critical is suggested on the basis 
that heat flow into the building through any 
surfaces should not exceed 3 to 4 Btu/hr/sq ft 
for any extended period, if suitable humidities 
are to be maintained for the storage of products 
susceptible to dehydration. 

With all types of floors, the initial heat flow 
rate from the floor is very large, approximately 
20 to 25 Btu/hr/sq ft. With insulated floors, a 
normal heat flow rate is established within 3 
days, and thereafter the flow rate decreases very 
gradually. The heat flow rate from uninsulated 
floors drops more slowly and the character of 
the soil influences this decrease in rate. Stor- 
ages with uninsulated floors should be refrig- 
erated for a week or 10 days before receiving a 
large volume of warm produce. 

As the season progresses, the heat flow rates 
from insulated floors and from uninsulated 
floors where the water table is 10 feet or more 
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below the surface approach the same values. 
This indicates an increasing depth of soil being 
used as an insulator, and the thermal resistance 
in the insulated floors is assuming less import- 
ance in the total resistance in the heat flow path. 
Where ground water level is near the surface, 
the depth of ground available to act as an in- 
sulator is small and heat flow rates remain high 
for uninsulated floors. 

Breaker strips in uninsulated floor slabs are 
definitely justified and evidence indicates that 
perimeter footing insulation can be justified. 
Horizontal ribbon-type perimeter insulation can 
also be justified if construction without a sub- 
floor under the ribbon can be arranged. 

Variable results have been obtained with 
semi-insulators such as pumice fill or pumice 
concrete. To obtain thermal resistance better 
than the ground, the semi-insulator should be 
protected from moisture by a vapor barrier at 
the lower face of the material. 

An analytical method is presented for the 
investigation of performance of different floors 
under pull down and continued refrigeration 
during a normal apple storage season. An 
evaluation of the additional leakage experienced 
around the perimeter of uninsulated floor has 
been made. 


Part Il— Walls and Ceilings 


BACKGROUND OF STUDY 


In cold storage house design, the effect of 
daily temperature variations is not directly 
considered:in calculating the gain in transmis- 
sion heat through the walls and ceiling. The 
transmission loads are normally calculated on 
the basis of average daily temperature. Some 
allowance for the effect of solar loads on roofs is 
made by using an outside temperature several 
degrees higher than the ambient temperature 
for which the building was designed (the “de- 
sign temperature”). This practice has been 
satisfactory with storages using the more com- 
mon mass-type insulation, because the heat 
travels rather slowly through the insulation, 
which absorbs a certain amount of heat during 
the peak load period and releases it-later. The 
ability of this type of insulation to store heat 
provides a load stabilizer for the refrigeration 
system. 

A previous report discussed the performance 
of reflective insulation in fruit storage ware- 
houses and made comparisons with conventional 


insulations on the basis of average daily heat 
flow rates [15]. Additional work has shown 
that for reflective-type insulation, daily varia- 
tions of the outside air temperature and of the 
temperature of the outside surface of the build- 
ing are important in calculating refrigeration 
loads and should be considered in making such 
calculations. In most reflective-insulated struc- 
tures, the insulation mass is negligible and the 
only heat storage available is in the structural 
materials supporting or protecting the reflective 
riaterials. Reflective insulation finds its most 
ready application in light frame structures; 
consequently, very little heat storage is avail- 
able and the effects of variation of heat flow 
are noticeable. 

A study was made of the heat flow through 
reflective-insulated structures and through con- 
ventionally insulated structures to determine 
the importance of this effect, and observations 
are presented here. 


OBJECTIVES 


This study was designed: (1) To learn the 
performance of various types of insulation 
under periodic heat flow and to correlate the 
observed and predicted heat flow variations; 
(2) to obtain data in the central Washington 
region regarding daily variations in air temper- 
ature and surface temperatures of various types 
of walls and roofs; (3) to determine the proper 
design for use with reflective types of insula- 
tion so that maximum loads encountered under 


conditions for which the building was designed 
would not exceed those encountered with the 
more common mass types of insulation; (4) to 
secure data on the effect of joists and studs in 
buildings with insulation of various types; and 
(5) to make some estimate of the conditions 
under which daily variations in heat flow are 
significant in calculating the refrigeration load 
of a cold storage house. 


PREVIOUS INVESTIGATIONS 


Little information is available on this subject 
that specifically pertains to cold storage work, 
but the American Society of Heating and Air 
Conditioning Engineers (formerly known as 
the American Society of Heating and Ventilat- 
ing Engineers) has given considerable atten- 
tion to variation of heat flow into air-condi- 
tioned structures. As a result of research 
sponsored by that society, analytical methods 


are available that can be applied to cold storage 
structures. The reports published in the 
ASHAE Transactions by Mackey and Wright 
[ 10, 11, and 12], the work by Johnson [7], and 
the report by Stewart [17] have been most 
helpful in connection with the present study. 
The basic formulas presented by those authors 
are given in appendix B. 
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PROCEDURE 


Experimental Methods 


Data presented in this report were obtained 
from tests conducted at 7 apple storages over a 
period of several years. Three storages (loca- 
tions 1, 2, and 4) used reflective-type insulation ; 
three (locations 5, 6, and 7) used various types 
of mass-type insulation; and one storage (loca- 
tion 3) had refiective insulation in one section 
and mass insulation in another section. The 
construction of ceilings and walls tested is de- 
scribed in the section giving the results of the 
tests at each location. 


In each location, researchers made continuous 
recordings of inside and outside surface tem- 
peratures and heat flow from the inside surface 
to the room air for several days. In most cases, 
outside air temperature at a shielded position 
and outside temperature of a thermocouple en- 
closed in a 4-inch black ball were recorded. In 
some instances, intermediate temperatures at 
points within the insulation were recorded. 
Where ceiling insulations were installed beneath 
an attic, the air temperature in the attic was 
measured. 


Temperatures were measured with copper- 
constantan thermocouples of 24-gage wire con- 
nected to a multipoint recording potentiometer 
through 18-gage wire. Most tests included tem- 
perature recordings at each location every 16 
minutes, although some tests recorded data for 
each location at 32-minute intervals. 

Heat flow was measured with a Gier and 
Dunkle heat flow meter arranged to produce a 
potential of 1 mv (millivolt) when subjected to 
a heat flow of 5.6 Btu/hr/sq ft at calibration 
conditions. Under the conditions of most of 
these tests, the heat flow to produce 1 mv is 
about 10 percent greater than the 5.6 rate. 


The same potentiometer used to record tem- 
peratures also recorded emf (electromotive 
force) from the heat flow meter. In some tests, 
a connection within the instrument was used to 
indicate zero potential of the instrument, and 
another connection from the heat flow meter 
indicated the potential developed by that instru- 
ment. Most tests were conducted with the leads 
of the heat flow meter connected to record the 
emf from the meter first as an upscale deflection 
on the potentiometer and then as a downscale 
deflection. In this way the sensitivity of the 
heat flow meter was doubled, and any question 
about the accuracy of the zero potential connec- 
tion was eliminated. Later, all of the various 
connections used in making the heat flow tests 
were calibrated by imposing measured poten- 
tials ranging from 50 mev (microvolts) to 800 
mcv on the recorder and checking the recorded 
potential against the impressed emf. Some small 
corrections in the observations were made as 
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a result of this calibration, but in general these 
were significant only at low heat flow values. 

When roof surface temperatures were meas- 
ured, about 6 inches of the thermocouple wire 
was inserted beneath a lap in the roofing ma- 
terial so that conduction from the thermocouple 
junction to the surrounding air would be min- 
imized. This detail is particularly important 
when high surface temperatures are en- 
countered. 


Analytical Methods 


The individual temperature records obtained 
with the recording potentiometer were tran- 
scribed from the strip charts to graphs on rec- 
tangular coordinates having time and tempera- 
ture scales of proportion selected to simplify the 
interpretation of the records obtained. Average 
temperature values for selected periods were ob- 
tained by measuring—planimetering—the areas 
under the temperature curves for the period and 
dividing the area by the length of period to ob- 
tain average height. This value was converted to 
temperature by applying the scale used in 
plotting the temperature curve. In some in- 
stances, heat flow values were obtained from 
similarly plotted and measured data; in other 
cases, the values for heat flow meter deflection 
were totaled on an adding machine and average 
values determined. To determine maximum heat 
flow values, a plot of heat flow was made in all 
cases, and the peak values were read from the 
chart. 


Average heat transmittance values from the 
records obtained in the various structures have 
been determined by analysis of even multiples 
of 24-hour periods for as many days as the 
record covers. In this way, the effect of the 
difference in the amount of heat stored in the 
structure at the start and at the end of the test 
run is minimized. On the other hand, peak heat 
flow rates were studied by comparing the aver- 
age and maximum values for individual days 
selected from the record. An effort was made to 
select days when the various surfaces returned 
to approximately the same temperature at which 
they started the 24-hour period, to minimize 
the effects of heat storage; but this was not 
always possible. Where the structure showed 
an appreciable lag in heat transmission, records 
were analyzed, taking this lag into account 
(that is, if the inside surface temperature is 6 
hours behind the outside, and the average out- 
side temperature is computed from 4 a.m. one 
day to 4 a.m. the next, the average inside tem- 
perature and heat flow are computed from 10 
a.m. to 10 a.m.). 


Overail heat transmittance values for mass- 
type insulators have been calculated from form- 
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ulas and basic values set forth in the ASHAE 
Guide [1] and compared with test values. For 
reflective insulations, the values for the thermal 
resistance of reflective spaces have been calcu- 
lated from the data given in Housing Research 
Paper No. 32, entitled ‘“‘The Thermal Insulating 
Value of Airspaces” [3]. 


The author has calculated thermal resistance 


| for a pair of spaces in accordion-type insulation 
| and presented the results in a previous report 


[15]. These values have been recalculated by 
the same method, using the basic data given in 
H.R.P. No. 32, and the overall values are some- 
what revised. Table 6 gives the revised values 
of thermal resistance for a pair of spaces in the 
accordion-type insulation when used in various 
positions with respect to heat flow direction. 

The method of predicting maximum heat flow 
for a given structure and a given outside daily 
temperature variation is essentially the same as 
set forth in the reports by Mackey and Wright 
[10, 11, and 12] and by Stewart [17]. Basically, 
this method consists of finding an equivalent 
decrement factor, d., for the various composite 
walls and ceilings used, and applying this decre- 
ment factor to the amplitude in outside sol-air 
temperature’ variation to determine the ampli- 
tude in heat flow variation at the inside surface. 
This amplitude added to the average daily flow 
rate gives the maximum heat flow rate. 


The equivalent decrement factors are calcu- 
lated as shown in the appendix by methods given 
in the reports mentioned [10, 11, 12, and 17]. 
When the equivalent decrement factors are ob- 
tained, it is apparent that, for insulated sur- 
faces approaching zero heat storage capacity, 
the factors are close to the line given for steady 
heat flow in figure 1 in the Mackey and Wright 
report [10] (reproduced as figure 31 in ap- 
pendix B). 

The symbols used in the following formulas 
and discussion have meaning and dimensions as 
set forth at the beginning of appendix B. 


In the factor 1.652./U used by Stewart to 
determine equivalent temperature differential, 
the value U/1.65 for each K/L value follows the 
steady flow line on the Mackey and Wright 
chart. In this report, U/1.65 is referred to as 
the decrement factor ,, and it is the decrement 
factor read from the steady flow line on the 
chart for the K/L value for the insulation. The 
ratio \./A, gives a comparison between the am- 
plitude of heat flow variation actually encoun- 
tered, and that encountered with a material 
having the same conductivity but with no heat 


4 For definition, see appendix B, p. 54. 


. Vertical 


a) ; ; 

TABLE 6.—Calculated thermal resistance per pair of 

reflective spaces in accordion-type insulation for 
10° temperature difference per space 


Resistance | C per pair of 
per pair of | spaces Btu/br/ 
spaces =1/c | sq ft °F. 
temperature 
difference 


Position of 
insulation 


Direction of 
heat flow 


Btu 
0.194 


Horizontal. . . 15 
57 .179 
75 

l 


Inclined 45°...... Down....... 
Horizontal.......] Down....... 
Horizontal.......} Up 


.174 
.277 


Worerer 


storage, for a given amplitude in sol-air temper- 
ature variation. 

Using this ratio, the formula 11—B in appen- 
dix B for maximum heat flow for a given insu- 
lation and outside conditions is written as 
follows: 


Gnas =U (tea —t-+ <* [tom — ter) (1) 


Maximum heat flow for an insulation having 
no heat storage capacity can be calculated from 
the same formula using 4,/A, = 1, in which case 
the formula reduces to the form: 


Qmax = U (Can a t;) (2) 

When analyzing the experimental data in this 
report, outside surface temperature was used 
instead of sol-air temperature, because surface 
temperatures ‘are easy to record experimentally, 
whereas the sol-air temperature is still in the 
experimental stage and development of a suit- 
able instrument has not come to the point where 
a standardized form has been accepted. Ac- 
tually, there is some difference between sol-air 
temperatures and surface temperatures ; but for 
the two conditions that are of interest in this 
report, the differences are not great for most of 
the surfaces tested. 

The deviation that may occur between sol-air 
temperature and surface temperature for the 
average daily values and the maximum values 
are discussed in more detail in appendix B. For 
walls having exterior layers that are massive 
and are good conductors, the use of surface 
temperatures in place of sol-air temperatures 
involves a substantial error. 

To use formulas 1 and 2, the average inside 
air temperature can be computed by the follow- 
ing formula: 

da 
ti = toa 1.65 (3) 

The maximum heat flow rates in table 7 have 

been calculated using formulas 1 and 3. 
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RESULTS 


Comparison of Calculated and Observed 
Heat Flow Rates 


Table 7 presents a comparison of the calcu- 
lated maximum heat flow rates and those ac- 
tually observed at the various experimental 
locations. The difference between observed and 
calculated values is also indicated, along with 
the percentage of the calculated maximum that 
this difference represents. Table 7 also indicates 
the average temperature difference between in- 
side and outside surfaces, the maximum outside 
surface temperature, and the average outside 
surface temperature. Also noted are the aver- 
age and maximum outside air temperatures 
during the period of observation. The actual 
time lag between outside maximum temperature 
and inside maximum heat flow are tabulated 
and may be compared with the calculated values 
given in appendix B. 

The comparisons between observed maximum 
heat flow rates and calculated maximums show 
several instances of grave discrepancy, some of 
which can be explained. At location 1, the dis- 
crepancy for the roof calculation arises chiefly 
from variation of inside air temperature during 
the day. The calculations are based on a con- 
stant inside air temperature, and a substantial 
deviation from this condition will -affect ad- 
versely the accuracy of predicting maximum 
heat flow rates by the method proposed. 

Another source of discrepancy may lie in the 
use of thermal transmittance value determined 
for the overall test period at each location, 
rather than the transmittance observed for the 
particular period set forth in table 7. Because 
transmittance values determined for the overall 
period are less likely to be distorted by heat 
storage effects and are felt to be generally more 
reliable, they have been used in this table. 

The disagreement between calculated and ob- 
served values for maximum heat flow through 
the roof at location 4 arises probably from the 
heat storage capacity of the heavy joists in the 
roof structure. In calculating decrement factors 
for all of the various sections where studding or 
joists occupied space in the insulation, the factor 
was calculated for the position between such 
members and no allowance was made for the 
member. This procedure is probably in error 
with refiective-insulation treatments, and par- 
ticularly in the case of the roof for location 4. 
This point will be dealt with in more detail 
when the tests at location 4 are discussed. 


Daily Variations in Air Temperatures and 
Surface Temperatures 


The temperatures given in table 7 show that 
the amplitude of variation between average air 
temperature and maximum air temperature on 
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the days considered varies from 8° to 25°, and 
the most frequent values are around 15°. This 
is somewhat greater variation than would be 
encountered in most of the United States. The 
ASHAE Guide, in considering the problem of 
periodic heat flow as it pertains to air-condi- 
tioning applications, has set up basic data on a 
20° variation between maximum and minimum, 
which is an amplitude of 10°. This is considered 
normal for the major part of the central United 
States, but the greater amplitude observed in 
this area is to be expected in semiarid regions. 

The relation between average and maximum 
surface temperature observed is much more 
variable, because surface absorptivity, orienta- 
tion to the sun’s travel, and conductivity of the 
various sections vary and affect this relation. 
The figures are presented as being representa- 
tive of what may be encountered under various 
conditions. The data presented in table 7 were 
selected from cloudless days when solar radia- 
tion was high. 


Discussion of Tests at Individual Locations 


Figure 13 shows sections through the various 
walls and ceilings tested. Locations 2, 3, and 5 
are the same storages designated by these num- 
bers in a previous report by the author [15]. 


Lecation 1 

Location 1 is a 50,000-box storage used for 
cooling and holding unpacked apples harvested 
from a large orchard, before the fruit was 
moved to the packinghouse and main cold stor- 
age. Normally this storage operates about 4 
months of the year. The construction was se- 
lected to minimize initial cost, and was very 
light compared to that of many conventional 
structures. Pumice-block walls were insulated 
by using prefabricated frame sections with ac- 
cordion-type reflective insulation placed between 
the studs. Figure 14 shows one of the prefabri- 
cated wall sections before it was placed inside 
the building. The foil side of the insulation 
faces the pumice-block wall and the hardboard 
face is the inside room surface. All roof and 
wall sections were prefabricated outside the 
building and moved into position as construc- 
tion proceeded. After fabrication, roof sections 
were lifted into place, nailed to the roof trusses, 
and then covered with corrugated aluminum 
roofing. This roof structure was of the lighest 
construction tested. It represents as light a 
structure as will be encountered in fruit storage. 

Table 8 and figures 15 and 16 present the de- 
tails of the heat flow rates and temperatures 
obtained at this location. From this test, it 
appears that the wall is performing satisfac- 
torily, but the ceiling does not have the antici- 
pated thermal resistance. The maximum rate of 
heat flow through the walls occurs 7 or 8 hours 
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after the time of maximum outside surface tem- 
perature, whereas maximum heat flow from the 
roof section practically coincides with the time 
of maximum roof surface temperature. At the 
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time of the test, desired storage temperature 
was difficult to obtain. Part of the difficulty was 
due to restrictions in the eliminators in the cool- 
ing units, reducing the air quantity circulated 


Figure 14.—Prefabricated insulated wall section used at location 1. 


and consequently decreasing the refrigeration 
capacity. It was also found that floor heat leak- 
age was much higher than was anticipated; 
however, the fact that the inside air tempera- 
ture starts to rise at the same time the ceiling 
heat flow rate starts to increase, and reaches a 
maximum very shortly after the heat flow 
through the ceiling does so, indicates that heat 
flow through the ceiling is a very serious factor 
in the plant load. The original design calcula- 
tions for the storage had anticipated that, with 
an average 40° temperature difference through 
the roof, the average heat flow would approxi- 
mate 2 Btu/hr/sq ft. Since something more 
than this value was experienced with a differ- 
ence of 22.6°, there was a decided deficiency in 
the insulation. When the maximum heat flow 
rate of more than 5 Btu/hr/sq ft is combined 
with the circumstance described, the fluctuation 
of inside temperature becomes understandable. 

Several factors probably contributed to the 
poor performance of the ceiling insulation. 
First, the corrugated aluminum roofing was not 
sealed at the edges of the building, and allowed 
air to pass between the roofing and the upper 
face of the foil insulation. This probably de- 
stroyed much of the insulating value of this 
upper space by allowing for more heat transfer 
by convection than would be experienced with 
natural air currents. At the same time, it is 


TABLE 8.—Average temperatures, heat flow, and trans- 
mittance through wall and roof at location 1 


Period No. 1 | Period No. 2 
Oct. 6-10, Oct. 10-13, 
Factor observed Unit 1952 1952 
(averages) east wall roof 
location location 
Outside air temperature... .. aA Re 61.9 63.0 
Outside black ball 
temperature............. chs 66.0 67.3 
West roof deck temperature..| °F. 63.4 66.0 
East wall temperature....... lO 66.8 ee 
Inside surface temperature 
(heat flow meter tem- 
DELAtUTE) sc te a,c seoena eae °F. 38.8 43.2 
Inside air temperature 1 ft. 
from heat flow meter...... the 35.3 
Inside air temperature 
returning to cooling unit...| °F. 34.8 38.1 
Temperature difference 
outside to inside surface...| °F. 28.0 PP ieass 
Heat flow—Btu/hr/sq ft....| Btu iL ily 2.30 
Observed U’— 
Btu/hr/sq ft/ °F. id......+) Btu .0418 101 
Calculated U’— 
Btu/hbr/sq ft/ °F. Td......| Btu .0404 .0575 


doubtful that enough air could pass through this 
space to carry away a substantial portion of the 
heat being transmitted by the under side of the 
roofing. 

Poor installation also was responsible for the 
increased transmittance. The insulating ma- 
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terial had been stapled to the purlins and the _up passages from the warm side to the cold side 


flanges of the assembly had not been held 
tinuously against the purlins by a lath or 


con- of the insulation. The existence of such open- 
some ings and the configuration of the material be- 


other kind of batten. This left places between tween the horizontal purlins was such that a 


staples where the material could bow and 
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open __ circulation was possible from the space between 
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the roof cover and outer foil layer to the space 
between the inner foil layer and the Masonite 
sheathing on the inside of the building. 

To check this possibility, one thermocouple 
was inserted into this last air space near the 


upper end of a division formed by a purlin, and 
another thermocouple was inserted in the same 
space in the lower end of a division formed by a 
purlin. At night when the heat flow rate was 
around 1 Btu/hr/sq ft, the two locations were 


27 


at the same temperature. As the heat flow in- 
creased, the temperature at the upper end of 
the purlin space became higher than that at the 
lower end, and at the time of maximum flow was 
approximately 314° higher than at the lower 
end. 

Increased convection in the first reflective 
space and air passage from warm to cold side 
of the insulation appeared to be the major cause 
of deficiency in this roof insulation. Some im- 
provement was obtained by cutting a trim strip 
on a band saw to match the contour of the 
corrugated roofing and closing the spaces left 
where the roofing rested on the building walls. 
Nothing could be done about battening the 
flanges of the insulation to the purlins, but this 
experience certainly points to the importance of 
such a procedure. 

It is the writer’s belief that an additional 
course of 3-layer accordion-type. insulation 
should be applied to wood spacers fastened to 
the underside of the ceiling. As a result of 
these tests, it has been recommended that two 
courses of 3-layer insulation should be used di- 
rectly under roofs for this kind of storage. 
Location 4 embodies such a construction and 
will be compared with location 1 when the tests 
at location 4 are discussed. 


Location 2 


Location 2 is a foil-insulated storage that has 
been described in a previous report [15]; but 
the data on this location were taken after two 
seasons of operation, whereas those previously 
reported were taken soon after construction of 
the storage house. Part of the purpose of this 
second test was to determine whether any meas- 
urable change had taken place in the conduct- 
ance of the insulation during 2 years of oper- 
ation. 

Table 9 and figures 17 and 18 present the data 
obtained on temperatures and heat flow at loca- 
tion 2. At this location, the observed thermal 
transmittance values, observed U’, for walls and 


TABLE 9.—Average temperatures, heat flow, and 


ceiling under the attic were much lower than the 
originally calculated thermal transmittance 
values, (calculated U’). These transmittance 
values also are lower than those observed at the 
time of the original test when the plant was 
new. Investigation of a possible explanation for 
this situation shows that the insulation is sub- 
jected to a certain amount of wind pressure at 
various times. On the ceiling under the attic, 
this action has billowed out the foil so that a 
space 114 to 2 inches between each foil layer 
and its paper separator is common and the top 
layer is actually billowed upward above the tops 
of the ceiling joists. This action of providing 
more separation between the layers is particu- 
larly effective with ceiling insulation. When 
the U’ value is calculated on the basis of 2 
inches of separation between layers in the in- 
sulation, a value reasonably close to that given 
by the test is obtained. To some extent, the same 
action has taken place in the sidewalls, and here 
also a lower U’ value is obtained when there is 
complete separation between the layers of foil 
and paper. 

From the results obtained in these tests, it 
appears that the insulation value had not de- 
teriorated during the period of use. The fact 
that certain mechanical changes had taken place 
to provide better separation of the various lay- 
ers of material was entirely accidental, but 
should give some clues for possible improvement 
of this type of insulation. 

The comparison between the performance of 
the portion of the ceiling under the sloping roof 
at location 2 for June 5-6, 1953 and the ceiling 
at location 1 as given in table 7 is interesting. 
Although the average temperature difference is 
somewhat greater at location 2, the average heat 
flow is only about two-thirds of that at location 
1. The outside surface temperature at location 
1 reached 102° and that at location 2 rose to 96°. 
The maximum temperature difference was ac- 
tually 62.5 for location 1 and 63.3 for location 
2; yet the maximum heat flow at location 2 was 


transmittance through walls and ceiling at location 2 


Factor observed Unit 
Outside air temperature........................ Zhe 
Outside black ball temperature................. °F. 
Outside roof temperature....................... oh 
Outside wall temperature....................... oh: 
Under side roof temperature.................... wal 
Attic air temperature in vicinity of heat flow 
meter loca tion mrssey: con k  ee eee eke 
Temperature of top of foil in attic............... oy, 
Inside surface temperature..................... °F 
Inside air temperature returning to cooling coils a: 
Temperature difference across insulation......... He 
Heat How—Btu/br/sq'tte i). police Ss te, Btu 
Observed U'—Btu/br/sq ft/°R: Tdi. 2005.4... Btu 
Calculated U/=Btu/hr/sqift/(oOR tds, aihadee | 3. Btu 


Period No. 1 Period No. 2 
June 2-4, 1953 June 5-8, 1953 Period No. 3 Period No. 4 
on ceiling under on ceiling under June 8-11, 1953 | June 11-12, 1953 
attic sloping roof on south wall on south wall 
60.4 58.7 64.8 69.1 
68.6 65.0 75.8 Wao 
67.4 2G oe Pea pose eet | ee ey Reet 
Fee eT Lae 74.1 73.6 
GOD hg a Mc ONDA TO Rt SAT EB Nae ME tree 
(7) et: a ese eer ee | (cen ctAcda catalina atate 
129 Jo) Sa I reer | mere PU CY Ma ait 
3172 33.0 32.9 32.9 
30.5 30.0 Pa OR Oia meen ona went eich yo 
28.3 29.7 41.2 40.7 
AD 1.26 1.49 1.39 
.0246 .0425 .0362 .0342 
0282 .0418 0396 .0396 
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only half that experienced at location 1. At loca- 
tion 1, the arrangement of 3 sheets of aluminum 
and 2 paper separators in the structure pro- 
vided 6 reflective spaces. At location 2, the 
arrangement of 4 sheets of aluminum and 2 


paper separators and no interior sheathing also 
provided 6 reflective spaces plus a discontinuous 
space between the corrugated roofing and the 
roof deck. Such a difference between perform- 
ance of the same make of material at the two 
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locations indicates that workmanship and at- The comparison of the performance of insula- 
tention to detail are important factors in the tion under the sloping roof at location 2 for 
installation of this material, just as they are June 7, 1953 with the roof insulation at location 
with any other commonly used insulating ma- 3 for Sept. 26, 1953 gives some index of the 
terial. ability of the insulation at location 2 to cope 
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with periodic loads. These 2 days were rather 
similar as far as average and maximum outside 
air temperatures are concerned. The maximum 
roof temperature at location 2 is 83° and at loca- 
tion 3 is 90°. The average surface temperature 
and average temperature difference through the 
insulation at location 2 is the greater. The 
maximum temperature difference at location 3 
is 58.1° compared to 51.1° at location 2. The 
average heat flow at location 2 is slightly more 
than at location 3, but the maximum observed 
is less. The calculated maximum for the two 
roofs for these days would be rather close to- 
gether. It appears that the two roof sections 
would experience comparable maximum values 
at operating conditions that are normal for this 
type of storage. On this basis, it is reasonable 
to expect that a reflective-insulated roof similar 
to the one tested would be adequate for opera- 
tion as an apple storage, where operation dur- 
ing the hot months of August and early Sep- 
tember are not required. 


Location 3 


At location 3 is a very large palletized stor- 
age. The roof insulation tested is 4-inch-thick 
sheet cork laid in two layers above a 2 X 8 
tongue-and-groove wood deck. The roofing is 
applied above the cork. Thermocouples had been 
placed at the bottom, middle, and top of the cork 
when the storage was built, and some tests at 
these locations have been described in previous 
reports [14]. The data submitted here are addi- 
tional data, more recently obtained, to compare 
roof insulation performance when the roof is 
black and when it has a coat of aluminum paint. 
During the first 8 days of the test run, the roof 
had a coat of aluminum paint. Then for the last 
7 days of the run, a 10-foot-square section of the 
roof where the thermocouple and heat flow 


At location 3, a room had been added, with 
walls insulated with two courses of accordion- 
type aluminum foil, each course having three 
sheets of aluminum. The outside wall is of 
6-inch concrete, and the inside of the room is 
finished with 34-inch plywood. The studding 
that carries the foil in this wall is not sufficinetly 
deep to provide spaces between foil courses and 
between foil and inside wall. These additional 


' spaces should have been provided to secure 


maximum thermal resistance from the material 
installed. 

The results of the tests on the roof at location 
3 are given in table 10. Figure 19 shows a 
typical portion of the record obtained when the 
roof had a coat of aluminum paint and a part of 
the record when the roof was painted black. 
During the period when the roof was painted 
black, several failures of the recorder chart feed 
mechanism occurred, so that the data are not 
continuous for the full period. Therefore, the 
data have been recorded for three shorter peri- 
ods, each of which comprises units of one or 
more 24-hour periods. The U’ values obtained 
from each period are then averaged, with each 
period weighted in the proportion that it bears 
to the total time. 

This test was conducted primarily to compare 
the effect of the two types of paint on the roof. 
Unfortunately, the weather was appreciably 
warmer during the latter part of the test when 
the roof was painted black, and at first glance 
there seems to be more difference in perform- 
ance than is actually revealed by closer examina- 
tion of the data. 

A determination of the observed U’ value for 
the roof shows a lower value during the first 
period than during any of the succeeding peri- 
ods when the roof: was painted black. This dif- 
ference is about 6 percent and may represent 


meter were located was painted black. 


experimental error. 


TABLE 10.—Temperatures, heat flow, and transmittance through ceiling at location 3 


No thermocouples were 


Roof with Roof painted black 
aluminum Weighted average 
Factor observed Unit paint for 3 periods on 
(averages) pepe ag Oct. 5-6 Oct. 7-8 Oct. 9-11 blackpainted roof 

Outside air temperature................ SE. 51.7 54.8 59.2 iin WCE Seabee con one 
Outside black ball temperature.......... ok. 54.0 57.8 60.9 RES: MAA Geen cteremneeesrees 
Top of cork temperature............... °K. 52.1 58.5 60.8 GY At eR 4 RR Ator ccc c 
Middle of cork temperature............. °F. 44.6 48.7 50.6 AS 225.7 MIC. .ck.ccomactente ote 
Bottom of cork temperature............ oh 35.9 37.3 38.6 BY Sa (EN eee ee 
Inside ceiling temperature.............. °F. 32.2 32.8 33.4 SOT) -Ebsaasceatt seater 
Temperature difference across section... . oF: 19.9 25.7 27.4 DART Se | eee so oeenenre eros 
Heat flow—Btu/hr/sq ft................ Btu .92 1e2to 1.295 POR DA BM em eo aitia 
Observed Ue Bit/be eq ft / SRD dea Btu .0462 .0496 .0473 0497 0.0491 
Calculated U’—Btu/hr/sq ft/°F.Td...... Btu .0584 .0584 0584 0584 .0584 
Temperature difference between outside 

air and inside ceiling surface........... °F. 
Apparent ‘‘U”’ based on outside Btu 19.5 22.0 25. De Rik on Il saad ret ee Renee 

temperature—Btu/hr/sq ft/°F.Td. .0472 .058 .0502 .0517 0529 
Ratio Td. across section 

Td. outside air to inside surface.... Pet 102 117 106 104 108 


lies meee ae et eS ee ee ee ne ee a ne ee eS SS 
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changed during the entire test, the heat flow 
meter was not moved and the only change was 
to paint the section of the roof where the test 
apparatus was located. Although the second 
series of tests were conducted with a mean 
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temperature slightly higher than the first test, 
and the maximum surface temperatures en- 
countered were considerably higher, it does not 
seem likely that increased conductivity of the 
insulation associated with operation at higher 


temperatures would account for this much 
difference. 

An apparent heat transmittance value was 
determined, based on temperature difference 
between outside air temperature and inside 
surface temperature. When these U values are 
adjusted for the 6 percent difference that exists 
in the true values determined from surface tem- 
peratures, a difference of about 5 percent exists 
in favor of the aluminum roof. A similar result 
is obtained if the ratio of difference between 
outside and inside surface temperatures and 
difference between outside air and inside sur- 
face temperature is compared. From this we 
may conclude that an aluminum-painted roof, 
located in an area where it does not become 
rapidly discolored due to soot and other impuri- 
ties settling out of the air, will decrease the 
average daily heat transmission load by about 
5 percent. Indications are that for periods of 
high solar intensity the decrease may be greater 
than this (note the record for October 5, 1956). 
It should also be noted that maximum roof sur- 
face temperatures are decreased by the alum- 
inum paint and this may contribute to longer 
life of the roof. 

Since 4-inch sheet cork is considered a stand- 
ard insulation for cooler storage, observance of 
maximum heat flow at this location serves to 
define an acceptable variation in heat flow for 
installations of this type. The average outside 
air temperatures encountered throughout the 
tests are somewhat lower than the normal out- 
side design temperature of 65° for apple stor- 
ages. In table 7, examine the data for the period 
October 7 through 8 when the outside air tem- 
perature averaged 59.2°. The average heat flow 
measured was 1.25 Btu/hr/sq ft and the max- 
imum was 2.62. If the average heat flow were 
adjusted for an average 65° outside air tem- 
perature, the average heat flow would be 1.5 
to 1.6 Btu/hr/sq ft. Normal calculated design 
would make an allowance for solar radiation by 
using 75° roof temperature and 32° room tem- 
perature, or a temperature difference of 43°. 
Using the observed U’ values, this would yield a 
design load of 43 « 0.0491 = 2.11 Btu/hr/sq ft, 
which is average daily load. 

From this comparison, it appears that normal 
design procedures, using an arbitrary allowance 
for solar radiation, produce an average expected 
heat flow that is intermediate between the aver- 
age and maximum flow encountered. Actual 
maximum heat flow is probably about 50 percent 
greater than average design heat flow. The 
actual maximum heat flow as shown in table 7 
is slightly more than 100 percent greater than 
the observed average. The fluctuation in heat 
flow through this type of roof is greater than 
one would expect for satisfactory operation ; but 
little trouble has been experienced because the 


factors used tend toward overestimating the 
average heat transmission load. 

Table 11 presents the data of the test on the 
wall at location 3. Figure 20 shows the record 
obtained. In this test, the heat flow meter was 
located behind the plywood facing that is the 
interior surface of the room. This location re- 
sulted in a steady operation of the heat flow 
meter, comparatively undisturbed by the rapid 
variations in room air temperature which often 
operate to produce substantial variations in the 
amount of heat passing through meters mounted 
directly on the interior surface of the room. 
This location was on a wall facing northeast, 
subject to sun effect for only a short while in 
the morning. The diurnal variations of exterior 
wall surface temperature were rather slight and 
the variation in heat flow rate was small. 

At this location, an error was made in the 
selection of stud size to carry the inner layer of 
prefabricated foil, the stud depth being the same 
as the foil assembly depth, 214 inches. If 2- by 
4-inch inner studs had been used, placed on 
edge, the wall thickness would have been 71, 
inches, allowing space for the two foil assem- 
blies plus a 34-inch space between outer wall 
and first assembly, a 3/,-inch space between as- 
semblies, and a 34-inch space between the sec- 
ond foil assembly and the inner wall. As the 
building was constructed, only the space be- 
tween the outer wall and the first foil assembly 
exists. Addition of the spaces between assem- 
blies and between the inner wall and the second 
foil assembly would add to the thermal resist- 
ance of the wall. 


TABLE 11.—Temperatures, heat flow, and transmittance 
through wall at location 3 


Period 
Factor observed Unit Sept. 
(averages) 5-10 
Outside wall temperature... . 2B 60.7 
Temperature between foil 
assemblies............... °F. 40.0 
Inside stud face temperature. . = De 35.3 
Temperature of foil side of 
ply woodtjaes. 22sec eae ad 32.3 
Temperature of room side of 
DMV WOOGs wea aise eee °F. 31.6 
Inside air temperature....... °F. 30.3 
Temperature difference from 
outer wall surface to 
inner wall surface......... SE; 29.1 
Heat flow—Btu/hr/sq ft..... Btu .86 
Oper ies U’—Btu/hr/sq/ft/ Btu 0295 
°F Td. 
Calculated U’—Btu/hr/sq Btu .0355 
ft/F. Td. 
Location 4 


The building at location 4 is a medium-sized 
storage using prefabricated accordion-type re- 
flective insulation in the walls and ceiling. The 
outside walls are 8-inch concrete block. Stud- 
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ding, placed 24 inches on centers, supports one  inum and between the 34-inch interior plywood 
course of the prefabricated foil assembly that wall and the last layer of aluminum. Ceiling 


has three sheets of aluminum. Studs are ar- insulation is placed directly under the roof deck 
ranged so that a space is provided between the in spaces formed by 14-inch-deep roof joists. 
outside block wall and the first layer of alum- Two courses of the three-layer prefabricated 
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foil are used, one course with the upper face 
about 1 inch below the plywood roof deck, and 
the other course spaced with the lower face 
about an inch above the plywood sheathing that 
forms the inside ceiling of the room. The roof 
deck is covered with a three-ply builtup roof 
and has a coat of aluminum paint. 

The building at location 4 was tested because 
it represented modifications in selection and ar- 
rangement of accordion-type reflective insula- 
tion assemblies based on the experience at loca- 
tion 1, which had indicated the need for more 
insulation to resist high solar loads on roofs. 

The results at this location are set forth in 
table 12, and selected portions of the test are 
shown in figures 21 and 22. 

The difference in effect of the studding on the 
heat flow pattern through the wall and that ob- 
served for the ceiling deserves comment. On 
the wall, the transmittance determined by the 
test at midpoint between joists is reasonably 
close to. the calculated value. Observed trans- 
mittance at the stud location is close to the cal- 
culated value through this section. The heat 
flow is high on the stud, intermediate at the 
quarter point, and low at the midpoint, and the 
transmittance values show this relationship 
also. On the ceiling, the heat flow for all posi- 
tions is about the same for the first three test 
periods when the temperature differences are 
similar, and the transmittance values for all test 
periods are quite comparable and all are sub- 
stantially higher than the calculated value. 

In the ceiling, the placement of the foil assem- 
blies leaves a space of about 614 inches between 
assemblies, and solid 6-inch-high bridging is 
nailed between the joists at about 5-foot inter- 
vals. With this separation of foil assemblies, it 
is probable that the joist surfaces presented to 
this center space are warmer than the upper foil 
face surface at the top of the space and cooler 


than the lower foil face surface at the bottom of 
the space. Radiation between perpendicular 
surfaces in very long spaces having an extreme 
width-to-height ratio, such as were encountered 
in the wall spacing arrangement, is usually neg- 
ligible. In this instance, the spaces are not 
especially long and the width-to-height ratio is 
such as would permit an appreciable amount of 
radiation from the joists. A rough calculation, 


_ based on the data given in the chapter on heat 


transfer of the ASHAE Guide, indicates that 
heat transferred to the lower foil face of this 
center space by the joists and bridging could be 
as great as the heat transferred from the upper 
foil face by radiation. Just how much the joist 
affects the amount of heat transferred across 
this space by convection has not been appraised. 

Although the effect of the joists in the larger 
center spaces between foil assemblies in the 
ceiling construction increases the heat trans- 
mittance value obtained, it also operates to 
impart some mass to the insulation and cut 
down the maximum heat flow rate at peak out- 
side temperatures during the middle of the day. 
Attention has already been called to the fact 
that the method predicting maximum flow rates 
did not check very well for this ceiling. Omis- 
sion of the effect of the mass of the joists in 
calculating the decrement factor probably ex- 
plains this situation. Some confirmation of this 
explanation is given by the fact that the calcu- 
lated lag time determined in the decrement 
factor calculations is 0.8 hour, whereas peak 
heat flows actually lag behind peak outside 
temperatures by 2 to 3 hours. 

The data in table 7 show that even on the 
relatively warm period of May 7-8, the maxi- 
mum heat flow did not exceed the average by 
much more than 50 percent, and attained a 
value of less than 3 Btu/hr/sq ft. From this it 
appears that the combination of thermal resist- 


TABLE 12.—Temperatures, heat flow, and transmittance through wall and ceiling at location 4 


Heat flow meter on ceiling Heat flow meter on wall 
Quarter Quarter 
Centered Covering point Centered Centered Covering point 
Factor observed Unit between joist between between between stud between 
(averages) ) joists location joists joists studs location studs 
Apr. 19-22 | Apr. 22-26 | Apr. 26-29 | May 6-8 ae 29- May 2-4 May 4-6- 
May 2 
Outside air temperature........... °F. 47.1 45.5 45.5 56.9 52.7 51.6 55.3 
Outside black ball temperature.... . pide 50.9 49.6 51.2 62.7 56.5 55.5 60.2 
Outside roof temperature.......... °F. 53.5 53.6 54.7 (filers) 62.5 59.3 65.1 
Outside wall temperature.......... Se BO TE Ae eet MIN Ao ory challtesd coe ann al Maren ee 64.7 61.2 67.1 
Inside surface temperature at ae 
heat flow meter location........ ine i ee 31.8 32.0 31.4 33.0 35.6 35.5 
Inside air temperature............ °F. 31.3 31.4 31.8 30.6 31.8 32.6 33.2 
Temperature difference across 
section at heat flow meter : | 
LOCATION a ene tase nares rk 0G 21.8 21.8 22.7 40.1 Sea 25.6 31.6 
Heat flow—Btu/hr/sq ft....  .... Btu 91 87 .95 1.75 2.06 4.65 | 2.64 
Observed U’—Btu/hr/sq ft/°F. Td. Btu .0416 .0398 .0418 .0436 0648 . 1817 .0835 
CalculatedU’—Btu/hr/sq ft/°T. Td. Btu .024 JOG1G5| cine aes: .024 0555 1/90 FR eee ee 


| Through Roof, Location 4* 


TEMPERATURES AND HEAT FLOW 
IN APPLE STORAGE HOUSE 


TEMPERATURE 


| 
=@=@= OUTSIDE SURFACE 
==—-—= OUTSIDE AIR 
INSIDE SURFACE 
=e INSIDE AIR 


| 
PERIOD ANALYZED 
IM TASLE 7 


HEAT FLOW METER MIDWAY 


ON 


4/20 


M N 


4/21 


HEAT FLOW 
PER SQ FT /HR 


BETWEERW JOISTS. 


N 


4/22 


aS Se ee ee a ee eee) 


HEAT FLOW METER 
CENTERED ON JOIST. 


M N 


4/23 


M 


* WITH 2 COURSES OF 3-LAYER PREFABRICATED FOIL INSULATION BETWEEN PLYWOOD ROOF DECK AND 


PLYWOOD SHEATHING THAT FORMS INSIDE. 


U.S. DEPARTMENT OF AGRICULTURE 


NEG. 6730-58(12) AGRICULTURAL MARKETING SERVICF 


FIGURE 21 


ance and mass that is present in this construc- 
tion is adequate to limit the maximum flow rate 
to that obtained with roofs insulated with 4 
inches of board form insulation. 

The maximum flow observed for the wall 
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raises the question whether the amount of in- 
sulation used with this type of exterior wall is 
entirely suitable for sun-exposed walls. The 
maximum heat fiow for the observed period is 
well above 3 Btu/hr/sq ft and the observed 
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period was somewhat cooler than might be 
anticipated under normal design conditions. The 
comparison of a pumice-block wall with a con- 
erete-block wall, each insulated with one assem- 
bly of three foil layers, is afforded by comparing 


the data for the walls at location 1 and location 
4 in table 7. 

The average temperature difference in each 
case is quite similar, but the pumice-block wall 
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shows a lower U’ value, a lower average heat 
flow, and a lower maximum flow rate. 


Location 5 


The building at location 5 is a large, multi- 
floor storage insulated with 24 inches of shav- 
ings above the ceiling of the upper room. An 
unventilated attic space about 6 feet high sep- 
arates the roof structure from the top of the 
shavings. The roof deck is covered with com- 
position roofing and has a coat of aluminum 
paint. 

The data for location 5 used in this report 
have already been published [14]. Figure 23 
illustrates the temperature variations at differ- 
ent levels in the insulation during the period 
analyzed in table 7. Data for this location have 
been included because this ceiling insulation 
provides complete dampening of diurnal varia- 
tion in heat flow and this is demonstrated by 
inspection of the heat flow record, the steady 
temperature gradient through the lower third 
of the insulation, and the calculated maximum 
heat flow as determined by the calculation 
method proposed. The data show that complete 
dampening of diurnal heat flow variation is 
possible. 


Lecation 6 


At location 6 is a large, palletized storage 
with wall and ceiling insulation that is typical 
of many recently constructed large apple stor- 
ages in the Pacific Northwest. The ceiling in- 
sulation is 115% inches of mineral wool, blown 
into place between 2- by 12-inch roof joists that 
are placed on 16-inch centers. The fill is held in 
place by an interior sheathing of 14-inch ply- 
wood nailed to the bottom of the joists. The tops 
of the joists are covered by a deck of 1- by 8-inch 
shiplap. Above this is a 3-ply roof coated with 


aluminum paint. The roof structure is carried 


by bowstring trusses so that the roof surface is — 
not horizontal but slopes down increasingly as _ 


it approaches the side of the building. 


The exterior walls at this location are 6-inch — 
concrete. At the inside face of the concrete, a 
system of vertical: and horizontal studding has — 
been arranged to carry a layer of paper covered — 
This mem- 


on both sides with aluminum foil. 
brane serves as a vapor seal and also provides 


two 34-inch-wide reflective air spaces for insula- | 
tion. Inside this is a 4-inch thickness of fiber-— 


glass insulation bat, faced on the inside with a 


layer of %,-inch fiberglass roof deck insulation. | 
The results of the tests on the wall and roof | 
at location 6 are summarized in table 13. Part | 


of the record obtained is illustrated in figure 24 


for the ceiling and in figure 25 for the walls. Air © 
currents passing over the heat flow meter were © 
quite pronounced at all locations in this test, and © 


individual readings were subject to considerable 
fluctuation. The average values have been de- 


termined from the sum of a large number of | 
individual readings. Approximately 5,700 read- © 
ings were involved in determining the wall heat | 
flow and 1,500, 500, 2,200, and 2,100 readings © 
in making the various roof heat flow determina- © 


tions. During the period June 1-5, a break in 
the thermocouple lead wire to the couples meas- 
uring inside surface temperature and air tem- 
perature near the heat flow meter necessitated 


some estimating in calculating the final results. | 


At the other ceiling locations, air near the heat 


flow meter was approximately 1° lower than the © 


return air to the cooling unit, so the air tem- 


| 
} 
} 


perature near the meter was estimated by de- — 


ducting 1° from the average recorded return air 
temperature. 
calculated, including the inside film heat trans- 
fer coefficient. This value was then adjusted to 


TABLE 13.—Temperatures, heat flow, and transmittance through wall and ceiling at location 6 


Ceiling 
Wall Between joists At edge of joist 
Factor observed Unit May 15-24 On joist 
(averages) May 28- 
May 24-27 | May 27-28 June 1 June 1-5 June 2 only 
Outside air temperature................. 2h: 72.0 6447 aa eee 75.0 620°") Alesse aeons 
Outside black ball temperature........... De 8 lee Ss rilkinly eae ee 82.5 G7 26) | dlicce setesetee 
Outside wall temperature................ 13. ie | ere rn A eens ants aby Gata naan e odes loc Gad bs < 
Outside roof deck temperature........... SH nas gla orice 83.3 84.4 96.0 77.0 90.7 
Inside surface temperature. ............. °F. 4 Bano 32.8 BATS lll |e. 3 Oe a aan rao 
Inside air temperature near heat flow 
IMOUCRS Feith secre ena oe las oo aS °F. 0 SL 31.7 31.9 W32e1 131.9 
Return air temperature to cooling unit.... SE. 3 32.6 BP Aa 32.9 33.1 32.9 
Temperature difference across test 
SCCULOUR ewer eanne yates ear Pena eeee ony 9 49.8 51.6 61.3 244.9 258.8 
Heat flow—Btu/hr/sq ft................ Btu .49 1.23 1.26 3.46 1.95 2.62 
Observed U’—Btu/hr/sq ft/°F. Td....... Btu .0338 .0247 .0244 0565 .0450 .0462 
Calculated U’—Btu/hr/sq ft/°F.Td...... Btu .0404 .0224 ODD A le sec ha coien lPracpeteiaestces | cages Rae 
Inside surface film coefficient observed— 
Btu/hr/sq ft/°F. Td. Btu .62 .62 1.14 TOG eee Seca eee cere 


1 Estimated from relation between air temperature near meter and air temperature at unit for previous periods. 


2 Includes temperature difference across interior film. 


38 


Overall heat transmittance was © 


Through Ceiling, Location 5* 
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FIGURE 23 
omit the film coefficient by subtracting the re- In general, satisfactory transmittance values 
sistance for a film coefficient of 1.2 from the were obtained with this installation. The values 
resistance corresponding to the overall trans- obtained on the ceiling show some influence of 
mittance first calculated. the ceiling joists when the heat flow meter is 
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Through Roof, location 6°. 
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directly over a joist or placed at the edge of a 
joist, but little effect is shown at the center of 
the space between joists. 

In one respect, the results with this roof were 
surprising. Since a shaving fill 24 inches deep 
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will completely dampen out diurnal variations © 
of heat flow, it was anticipated that this roof © 
would even out the heat flow to a great extent, 
although probably not as much as the shaving 
fill installation. The tests were made under 
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very warm weather conditions when an ex- 
tremely high roof temperature of 175° max- 
imum was encountered. A maximum flow 85 
percent greater than average was encountered. 
The peak heat flow lagged behind the outside 


temperature by only about 6 hours. In the 
shaving-filled attics, the maximum temperatures 
of a point 8 inches down in the shavings lagged 
behind the top surface by 8 to 9 hours. A study 
of the characteristics of the material as used in 
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calculating decrement factors in appendix B 
shows that the mineral wool fill used at location 
6 has less weight and lower specific heat than 
shavings, and that the results obtained are justi- 
fied when the characteristics of the material are 
fully considered. 

Occasionally, fill type insulation is criticized 
for its susceptibility to moisture infiltration, 
and there are parts of the operating season 
when the roof deck surface may be considerably 
colder than the storage room. Since no vapor 
seal exists on the underside of the ceiling, some 
condensation in the insulation might be ex- 
pected at that time. 

To determine whether a permanent buildup 
of moisture had taken place in the insulation, 
holes were bored in the underside of the ceiling 
sheathing near the heat flow meter locations, 
and duplicate samples of insulating material 
were placed in tared weighing bottles having 
ground glass covers. The bottles were then 
covered and taken to the laboratory, where 
moisture determinations were made on the basis 
of 48 and 96 hours of drying at 100° C. The 6 
samples averaged 0.15 percent moisture, ex- 
pressed as a percentage of the original wet 
weight, and the maximum percentage observed 
was 0.29 percent. The lowest percentages were 
observed in the samples taken adjacent to a 
ceiling joist. 

From this it was concluded that if there had 
been some moisture buildup in the insulation 
during the winter, the intense solar load en- 
countered during the spring months and the 
action of the refrigeration apparatus in the 
room had dried the material quite thoroughly 
by the time these determinations were made. 


Location 7 

The building at location 7 is a 30,000-box 
storage of unusual construction, located at an 
orchard. The walls consist of three layers of 
4-inch-thick pumice-concrete blocks having a 
density of approximately 67.5 pounds per cubic 
foot. Between each block layer is a 1-inch space 
that had been poured full of vermiculite as the 
walls were erected. The ceiling is insulated with 
a vermiculite fill 4 to 5 inches deep, supported by 
a 1-inch shiplap ceiling carried on ceiling joists 
that are within the storage. Thus the fill is 
continuous and there is no penetration of insula- 
tion by the ceiling joists, although some pene- 
tration by the structure that supports the roof 
joists exists at various points. The roof slopes, 
and is about 1 foot above the ceiling at the eaves 
and about 10 feet above at the peak. Good venti- 
lation of the attic is provided by openings at the 
eaves, two end openings, and two louvered open- 
ings at the peak of the roof. 

The observations of heat flow and tempera- 
tures obtained at location 7 are summarized in 
table 14. Figures 26 and 27 present typical 
parts of the record in graphic form. During the 
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last part of the test, the analysis was broken 
into several 1-day intervals, because of plant 
shutdowns on the days omitted from the 
analysis. 

The observed heat transmittance for the 
pumice-concrete block wall is considerably less 
than calculated. The data on pumice-concrete 
blocks is rather meager and that given in the 
ASHAE Guide specifically refers to pumice 
mined in California. Since the material obtained 
from various localities is quite variable, the dif- 
ference between observed and calculated trans- 
mittance is probably justified. In 1942, W. V. 
Hukill made tests on a similar wall in this area 
by covering a 10-foot-square section of the wall 
with a false wall filled with shavings, and meas- 
ured the temperature drop through the two 
layers of the composite pumice block and shav- 
ing wall thus formed. He concluded that the 
blocks had a thermal resistance equal to 6 inches 
of shavings and that the three-layer pumice 
block wall with two air spaces between layers 
had a U value of 0.065. Considering the close 
agreement of this test with the one reported 
here, and the fact that the two were conducted 
by different methods, a conductivity for solid 
pumice blocks of 0.083 Btu/hr/sq ft/ft thick- 
ness/° F. Td. has been used in appendix B in 
computing decrement factors for this wall. 

When observations were made of the ceiling 
heat flow, the heat flow meter was not located 
directly under the point where temperatures 
were measured in the insulation. Fill thickness 
varied between 4 and 5 inches, and the meter 
was located in an area having a 5-inch depth of 
fill, whereas the temperatures in the fill were 
taken in an area having a 4-inch depth. 

Inspection of the temperature curves for the 
different depths of the insulation shows that the 
heat storage capacity of this material is small, 
and that high maximum heat flow rates are en- 
countered. Tests at this location were made in 
very warm weather characteristic of conditions 
encountered during the pear and peach harvest- 
ing season of the Pacific Northwest. At the time 
of the test, the storage was being used for short- 
time storage of peaches that were being packed 
and accumulated into truckloads for transporta- 
tion to market in the western Oregon and 
Washington area. For this service, a storage 
temperature of 45° to 50° was adequate. There- 
fore, the average temperature difference through 
the various insulated sections was about the 
same as that encountered with many of the 
other storages tested under less severe outside 
conditions. 

A comparison of roof deck temperatures, attic 
air temperatures, and the temperature of the 
top surface of the insulation indicates that 
ventilation through this attic is quite effective 
and is dissipating a substantial portion of the 
solar heat on the roof. 
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The question of moisture absorption by in- 
sulation in an exposed fill of this type always 
arises. To obtain some data on this subject, 
samples of insulation were collected and mois- 
ture determinations made as previously de- 


scribed [14]. Samples were collected from a top 
and bottom location that was well removed from 
any possible leakage from the roof ventilators, 
and also a sample was taken from an area di- 
rectly under one ventilator. In August the sam- 
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ple was taken at the bottom of the insulation at 
this location, as it was felt that the greatest 
residual moisture from any leakage would be at 
the bottom. For the November and January 
tests, samples were taken at the top of the 


oe 


insulation at this location. 

Figure 28 presents the data obtained. The 
change in moisture content in the protected 
location between August and January is not 
great, nor are there any remarkable differences 


‘TABLE 14.—Average temperatures, heat flow, and transmittance through 


wall and ceiling at location 7 


Factor observed Unit vee Ceiling 
(averages) - a —____— $$ __ a. 
Aug. 7-10 | Aug. 11-12] Aug. 12-13 ] Aug. 14-15 | Aug. 16-17 | Rigi =t8il manana: 

Outside air temperature........... oh. 82.6 78.3 83.2 Wino 68.8 72 0 
Outside black ball temperature... .. oh 88.6 85.6 87.4 82.3 75.0 80 Oe 
Outside 8S. wall temperature... .... oh 84.4 Ath dp Haig ae a 
Inside wall temperature. eae nae 49.5 ctf. pile ames ols ee a Sae eeetns ia a 
Outside roof deck temper ature... 2 aang les otros areieoel (An Nae 93.1 89.9 | 83.6 90.3 
Inside roof deck temperature....... SEN Ml fiosdeencior ole es 87.1 83.3 78 4 82 0 
Attic air temperature. ............ | cer pe oh [eee 83.9 79.4 72.8 77 i> an. ee 
Top of insulation temperature. ..... Oa | arate aie nea 81.5 78.0 rAil S74 7d Qi one 
Temperature 1” down in insulation. . SP ae ee |S ok, ee 74.5 71.7 67.3 69 6 i 
Temperature 2” down in insulation. . ERD knee Wen ed 68.6 66.8 63.6 65.3 
Temperature 3” down in insulation. . Se Qilise seit cen eee 62.6 61.4 59.6 604 | 
Temperature at bottom of oT ae as Se) |e 

INSUIATIONE eh eeeeee en cosets, SHE Ole cena tte tale 57.0 56.5 56.2 56.1 
Inside ceiling temperature......... 5) | (RIG Peer |. Hoe aera 51.2 51 52.3 is ee ee ok 
Temperature difference across ff EE ns 

INSUlatloner cera eae ek she 34.9 B2in2, 30.3 26.7 19.4 23 1 
Heat flow—Btu/hr/sq ft.......... Btu 2.29 1.74 2.56 2.20 1.63 1.98 |......... 
Observed U’—Btu/hr/sq/ft/°F. Td.) Btu 0655 | 0572 | .0845 0825 084 (0939 | 0843. 
Calculated U’—Btu/hr/sq ft/°F.Td. Btu 104 104 0853 0853 0853 (0863+) aaa 


between top and bottom location; but the sam- 
ple taken directly beneath the ventilator shows 
that between the November and January sam- 
pling a great deal of moisture had entered the 
insulation. In all probability this has been 
caused by snow coming in through the ventilator 
and then melting as the weather moderated. 
This occurrence has been noted in other storages 
and points up the fact that, for storages of this 
type, actual leakage of moisture through roofs 
or ventilators is a more serious factor than 
moisture migration through the insulation due 


to temperature differences. Undoubtedly, mois- 
ture had migrated through the insulation, but 
since there was no vapor seal at the inside sur- 
face of the fill, the moisture did not build up to 
any appreciable extent in those locations not 
subjected to roof or ventilator leakage. The 
problem of providing a good system of protect- 
ing the insulation under a ventilator from leak- 
age still remains, and deserves consideration 
from anyone constructing a storage where a 
ventilated attic is used. 


DISCUSSION 


Effect of Diurnal Variation on Total 
Refrigeration Load 


From the foregoing data, it is obvious that 
there can be a considerable difference in the 
diurnal variation in heat flow rates, depending 
on the insulation and exposure of the insulated 
surface to solar radiation. The importance of 
this variable heat gain is governed by the fol- 
lowing factors: (1) The relation between trans- 
mission heat gain and the total refrigeration 
load on the particular room; (2) the relation 
between the average temperature difference be- 
tween inside and outside and the difference 
between average and maximum outside sol-air 
temperature, which in many cases are approxi- 
mately indicated by outside surface tempera- 
tures; (38) the tendency of room contents and 
cold surfaces to absorb some of the peak load. 
and decrease the maximum instantaneous trans- 
mission heat gain; and (4) climatic conditions 
at the storage location, particularly those gov- 
erning diurnal temperature and solar radiation 
variation. 


The first factor is more or less inherent in the 
type of storage. For instance, with the average 
apple or pear storage, heat gain from transmis- 
sion is nermally 20 to 25 percent of the design 
load. If the transmission heat flow is double the 
average at midday, the overall load increase due 
to this factor during the receiving season is 
probably not more than 10 percent. 

The opposite of this situation occurs in the 
storage designed to handle products already 
cooled or frozen, such as a meat cooler or a 
frozen food storage room. Here transmission 
heat gains are a large part of the load, possibly 
50 to 75 percent, and doubling the heat flow rate 
at midday might increase the overall load 25 to 
35 percent. 

The effect of the second factor is best illus- 
trated by figure 29. The ratio of maximum to 
average calculated heat flow rates is plotted 
against different A./A, ratios through the range 
of 0.1 to 1.0 for different combinations of aver- 
age outside design conditions and inside tem- 
peratures. Details of this calculation are given 
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in appendix B, but it may be stated briefly that 
the design conditions given on the figure deter- 
mine the average temperature difference at 
which the various storages operate. The ampli- 
tude of variation between maximum and aver- 
age sol-air temperature has been taken from the 
ASHAE Guide for the 85° outside design condi- 
tion and has been arbitrarily decreased some- 
what for the other outside design conditions. It 
can be seen that with freezer storage applica- 
tion, the average temperature difference is a 
greater factor than the sol-air temperature 
amplitude and that the ratio of maximum to 
average heat flow for a given A./A, ratio is less 
than is experienced with a cooler operating at 
the same outside design condition. Coolers that 
do not operate in the warmest part of the year 
or that are located in mild climates show a con- 
siderably higher ratio of maximum to average 
flow rate, because in these instances the average 
design temperature difference is about as great 
as the amplitude of sol-air temperature. The 
steep slope of the lines for the 55° outside tem- 
perature design indicates that a storage that has 
been designed on an optimistic expectation of 
low outside temperatures may find the max- 
imum heat flow rate at midday a very serious 
factor. 

The third factor affecting the importance of 
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diurnal variations in heat flow is discussed in 
some detail in the ASHAE Guide as it pertains 
to air-conditioning applications, under the sub- 
ject, “Instantaneous Heat Gains vs. Instantane- 
ous Cooling Loads.” It has been pointed out that 
when heat flows from the interior room surface, 
it does not all immediately manifest itself as a 
load on the cooling equipment. The heat re- 
moved from the interior surface by convection 
is soon imposed as a cooling load, but the portion 
that is transferred by radiation may be absorbed 
by cold surfaces of the room or goods stored in 
the room and may not appear as a cooling load 
until these surfaces have been raised to a tem- 
perature slightly above the room air tempera- 
ture. This action tends to spread out high in- 
stantaneous loads over longer periods and cut 
down the peak loads that actually have to be 
delivered by the cooling equipment. 

If the room is empty or has only a small 
amount of stored product, it may approach the 
condition where the instantaneous heat gain and 
the cooling load are nearly equal. This is the 
situation that prevailed at location 1 during the 
test period. It often occurs when a room is first 
placed in operation, and, if the insulation is 
such as to allow a high ratio of maximum to 
average heat flow, more than normal variation 
in room temperature may result. 
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The variation of diurnal temperatures at the 
storage location will also affect the extent of the 
heat flow rate variation. Coastal locations often 
are subjected to an average daily temperature 
variation of approximately 12°. The 20° daily 
variation as given by the ASHAE Guide has 
been selected as being generally characteristic 
of the large midcontinent area of the United 
States. In desert or semi-arid regions, daily 
variations of 30° to 35° are general. Most of 
the test data presented herein show ranges of 
this latter order. 

The first three factors tend to diminsh the 
overall effect of the diurnal variation in heat 
flow and to explain why most cold storage heat 
gains are satisfactorily calculated without ex- 
tensive analysis of this factor. In the past, the 
use of slightly greater temperature differences 
for those surfaces exposed to solar radiation has 
served successfully in place of a detailed analy- 
sis of diurnal heat flow variation. Part of the 
success of this procedure has resulted from the 
use of fewer types of insulation and from the 
heat storage characteristics of those in use, 
which were favorable to providing a load-sta- 
bilizing effect. 

In appendix B, the decrement factors and 
time lag for each of the walls and ceilings ob- 
served in this study have been calculated. Also 
in appendix B, a similar calculation has been 
made for other insulation arrangements which 
do not appear in this report but which are in 
common use in cold storages. 

From a study of these values, it is apparent 
that insulators presently available exhibit a 
wide range in heat storage characteristics. Quite 
a number of materials now available have very 
little heat storage capacity and hence slight 
load-stabilizing effect. This applies to some of 
the newer types of board-form and bat-type 
insulation, as well as to reflective insulators. 

When using a new type of insulating material, 
it is customary to use sufficient material to pro- 
vide a thermal resistance comparable to that 
normally used with a material whose utility has 
been proved by experience, and then to take the 
necessary precautions to see that the material 
does not lose its thermal resistance from various 
causes such as moisture infiltration or physical 
damage. Little attention has been paid to com- 
paring heat storage capacity of the new in- 
sulator with that of the known insulator. Some 
of the experiences reported here and calcula- 
tions of the characteristics of some materials 
that are now finding acceptance as cold storage 
insulators indicate that consideration of this 
point is warranted. 


Effect of Variation of Heat Flow Rate on 
Inside Temperatures 


From a practical standpoint, the diurnal vari- 
ation in heat flow rate becomes critical in a 


given storage when the temperature variation 
produced in the storage room by this variable 
flow becomes noticeable. In practice, it may be 
quite difficult to evaluate temperature variation 
from this source. In some cases, variations in 
other portions of the refrigeration load occur in 
step with the heat flow variation and increase 
temperature variations; in other cases, these 
variations may act to cancel out the heat trans- 
mission fluctuations. In some instances, the 
control system and capacity variation of the 
refrigeration system are sufficiently flexible to 
compensate for the heat flow variations, and 
modulate to meet the varying load with little 
temperature variation. 

A rough evaluation of the average systematic 
variation in room temperature that may be 
attributed to diurnal variation in heat flow has 
been made for the various experimental loca- 
tions. These figures are given in table 2 for 
each location. It must be emphasized that these 
are estimates based on examination of the test 
records obtained from the various storages, and 
allowance has been made for fluctuations due to 
defrosting or shutdown periods of adjustment; 
therefore, the figures do not represent precise 
measurements. 

At location 1, the room temperature fluctua- 
tions were 8° to 9°. This was observed in the 
period before receiving fruit and also during a 
period of several days after loading with warm 
fruit had started. In this case, reserve capacity 
was not available to cope with the maximum 
load, and the full effect of maximum loads was 
entirely visible. Had more capacity been avail- 
able, part of this temperature fluctuation would 
have been eliminated by capacity modulation. 

At locations 6 and 7, a systematic variation in 
air temperature of 2.0° to 2.5° was noted. The 
tests at both locations were conducted during 
extremely warm weather and it is possible, par- 
ticularly in the case of location 6, that this 
variation represents a normal and _ tolerable 
variation under extreme outside conditions. 

At location 3, a fluctuation of 1.0° to 1.5° in 
room air temperature was noted. A similar 
variation was noted from other records obtained 
during the receiving season. None of these tests 
was performed during as warm weather as was 
experienced at locations 6 and 7. Also, this stor- 
age has available abundant refrigeration capa- 
city, so it is possible that the variation that has 
been observed is that which is necessary to place 
additional capacity in operation. 

At location 4, a diurnal variation in room tem- 
perature of approximately 1° was noted. No 
observations were made at this location during 
the receiving season, but the observations were 
made during the more critical periods of the 
late storage season. 

At location 2 during the late storage season in 
June, a systematic variation of about 0.5° was 
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attributed to variation in transmission. heat 
flow. During the receiving season, a variation 
of about 2° was noted, but probably this was 
due to the amount of warm fruit entering the 
storage in the afternoon, imposing a greater 
cooling demand than the refrigeration system 
could produce without some slip in temperature. 
The record during June included supply air 
temperatures from the cooling system, and this 
record shows that during the daytime the sup- 
ply temperature was quite steady, but during 
the night there was considerable cycling. In this 
instance, the control system was able to follow 
the load and produce a very uniform room 
temperature. 

At location 5, as might be expected, there was 
no systematic variation in room temperature 
that could be related to diurnal temperature 
variation. 


These observations illustrate the difficulty of 
isolating from practical observation that por- 
tion of room temperature variation that is due 
to variation in heat flow through walls and ceil- 
ing, and also show how surplus refrigeration 
capacity and reasonably sensitive control may 
often mask the variation. On the other hand, 
the case of the storage without surplus capacity 
and a large variation in heat flow rate produced 
an intolerable variation in room temperature. 
From these experiences, location 3 may be con- 
sidered as something of a standard of compari- 
son, inasmuch as 4-inch sheet cork insulation 
has been generally accepted as a standard in- 
sulation for this type of service. Since 1.0° to 
1.5° of room temperature variation was noted 
in this installation, this may be used as a stand- 
ard for evaluating the locations with reflective 
insulation to see whether or not the room tem- 
perature variations observed therein were ex- 
cessive. 

On this basis, the performances at location 2 
and location 4 appeared adequate, whereas that 
at location 1 was not. The performance at loca- 
tion 7 was somewhat questionable as to fluctu- 
ation in room temperature; and examination of 
the data in table 7 shows maximum heat flow 
rates for the ceiling that are higher than for 
most of the other installations. At location 6, 
the air temperature variation is somewhat 
greater than at location 3, but this is probably 
because the test was conducted under extreme 
conditions. The comparison does serve to point 
out that the heat storage capacity of the insula- 
tion at location 6 is not much difference than 
that at location 3. This is confirmed by com- 
parison of the calculated and observed lag time 
for the two roofs. Nevertheless, this result is 
revealing because, on first thought, one might 
easily assume that there would be a big differ- 
ence in the heat storage and lag time for 12 
inches of insulation as against 4 inches of in- 
sulation. This illustrates that the density and 
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specific heat of the material, as well as the 
conductivity and thickness used, must be con- 
sidered to arrive at a proper conclusion regard- 
ing maximum loads that may be encountered 
with a given material. 


Suggested Design Procedure Using Insulation 
With Small Heat Storage Capacity 


Again considering location 3 as a reasonable 
standard, it appears that under the conditions 
to be expected with apple storages starting op- 
eration in mid-September, a maximum heat flow 
rate of 3 Btu/hr/sq ft is a reasonable peak value 
to use as a design figure. Therefore, it is sug- 
cested that, for storages of this type, insulated 
with material having less heat storage capacity 
than 4 inches of corkboard, the thermal resist- 
ance should be increased so that the maximum 
transmission rate at mid-day design conditions 
does not exceed 3 Btu/hr/sq ft. If the refrigera- 
tion machinery is selected on the basis of aver- 
age daily load, then the average heat gain from 
transmission should be calculated as *% of this 
maximum. Such an arrangement will provide 
approximately the same balance of equipment 
capacity and maximum load as if 4-inch cork- 
board insulation had been used. 

When prefabricated reflective insulation is 
used, the procedure recommended is probably 
the most economical way of overcoming high 
heat flow rates at mid-day insofar as roofs are 
concerned. In the case of walls, the combination 
of some mass or some semi-insulator such as 
cinder block to form a composite wall may pro- 
duce a desirable amount of heat storage effect 
and the most economical answer to the problem. 
Where certain low-density board or bat-type 
insulators have insufficient heat storage capacity 
to keep the maximum flow rate to desirable 
levels, it may be more economical to alter the 
design and combine additional mass with the 
insulation rather than add to the insulation 
thickness. 

The recommendation made is specifically for 
apple storages, but it could be extended to other 
types of storages. When use of new insulator 
“N”’ is desired, one should consider the standard 
accepted insulation, designated as insulation 
“S,” for the application, and calculate the aver- 
age heat gain per unit of the area with insula- 
tion “‘S” for the temperature difference involved. 
From the tables in the appendix, obtain the A./A, 
ratio for insulation “S,” or calculate the ratio 
by the methods illustrated. From figure 29 and 
the appropriate design condition curve, find the 
ratio of maximum to average heat flow. Apply 
this ratio to the average transmission rate to 
determine the maximum, and use this maximum 
rate to.determine the thickness of insulation 
“N” that is to be used. 


CONCLUSIONS 


Maximum heat flow rates for insulated sur- 
faces exposed to solar radiation may be pre- 
dicted by formulas presented in this report 
when the average daily temperature difference 
through the insulation, maximum surface tem- 
perature or maximum sol-air temperature, over- 
all thermal transmittance, and decrement fac- 
tors for the construction are known. Experi- 
mental observations of maximum and average 
heat flow for a number of different types of 
insulated walls and ceilings have been compared 
with calculations and a reasonable agreement 
has been found in most cases. 

The maximum heat flow rates are of greatest 
importance in those structures having little heat 
storage capacity, because in such instances the 
maximum heat flow is proportional to the max- 
imum observed temperature difference between 
outside and inside surface. Maximum heat flow 


rates are of greater importance for mild-tem- 


_ perature coolers than for freezers, and are of 
- particular importance for coolers designed for 


operation during autumn and spring where out- 
side design temperatures of 55° to 65° are used. 
In these cases, the amplitude of surface temper- 
ature variation is often greater than the aver- 
age temperature difference, whereas in the case 
of freezers and mild-temperature storages de- 
signed for operation during the warmest season 
of the year, the amplitude of surface tempera- 
ture variation is usually less than the average 
temperature difference. 

Maximum heat flow rates are of more im- 
portance in structures where transmission heat 
gains comprise a large part of the total refriger- 
ation loads, and are of particular importance in 
those instances where, for reasons of economy, 
the equipment capacity has been selected with 
little safety factor. 

Calculations of decrement factors and time 
lag for various insulated walls and ceilings that 
are currently used in cold storages are pre- 
sented. Comparison of these factors for new 


types of insulation with types that have had 
long acceptance will indicate those instances 
where investigation should be made of the max- 
imum heat flow rate. This will usually be neces- 
sary with reflective insulation installed in frame 
structures. 

For such insulation in apple storages, it is 
recommended that the insulation be selected 
with such a transmission value as will limit the 
maximum heat flow rate to 3 Btu/hr/sq ft and 
that the average daily load calculation should be 
based on two-thirds of this value. 

In certain cases, it may be more economical 
to combine mass with the insulator to improve 
its heat storage or load-stabilizing characteris- 
ties, rather than adding extra insulation. 

A comparison of aluminum paint on a builtup 
roof, as against black paint on the same roof, 
indicated that the average amount of heat trans- 
mitted per day was decreased about 5 percent 
with the aluminum-painted roof. 

Some data gathered regarding the effect of 
wooden studs and joists in reflective and fill- 
type insulation indicate that when the spaces 
between layers of reflective surfaces are small, 
there is little tendency of a wood member bound- 
ing the side of the space to radiate or receive 
heat from the various surfaces, and the heat 
flow at the inside face of the stud or joist is very 
much the same as if the walls were constructed 
of wood having the depth of the member. Much 
the same thing occurs with a wooden member in 
fill insulation ; the amount of side leakage to the 
fill is not excessive. When layers of reflective 
material are separated by 6 or 7 inches in a 
2-foot-wide space, radiation and absorption of 
heat by the wood member becomes a factor to 
the extent that the heat flow from the inside 
surface is practically uniform and is not any 
higher at the joist location than elsewhere. The 
overall transmittance is adversely affected, but 
the heat storage capacity and maximum heat 
flow characteristics are benefited by this action. 
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APPENDIX A 


Heat flow rates from the floor at location 2 
have been calculated using temperature differ- 
ences taken from a diagram of the temperature 
profiles in the ground beneath the center of the 
storage. The details of construction of this dia- 
gram are as follows: 

From the heat flow and temperature observa- 
tions it was determined that the conductivity of 
the soil beneath the floor was 13.5, and from the 
heat released during the interval measured it 
appeared that soil having the following charac- 
teristics would satisfy the observed conditions: 


DryAGensity, ge 2 ee 130 Ib./cf. 
Moisture content __... ose eee 1%% 
Wifiusivityeetees = 0.039 sq. ft./hr. 


Construction of the diagram will be simplified 
in this instance by considering the concrete floor 
to have characteristics similar to the soil. Con- 
ductivity of concrete ranges from 12 to 16. The 
diffusivity ranges from 0.045 to 0.06. During 
the first day or two, the assumption that the 
concrete has the same characteristics as the soil 
involves some inaccuracy, but after the slab has 
been cooled to the point where the temperature 
profile through it is nearly a straight line, there 
is little distortion in the construction from this 
assumption. 

The initial temperature is 65° F. and this 
temperature is assumed to prevail to a depth of 
4 feet into the ground. At 4 feet, the ground 
temperature begins to decline and at a depth of 
40 feet the temperature approaches the average 
annual temperature of 52° F. with an annual 
fluctuation of only + 14°, or a temperature 
range of 1°. 

Temperature fluctuation at various depths 
has been determined by the following formula 
obtained from Ingersoll, Zobel, and Ingersoll 


[5]. 
T, = 2T, e -*V0/aP (1-A) 


where: T, is temperature range at depth X 
T, is amplitude of seasonal temperature 
variation at surface 
x is depth in feet 
a is diffusivity in square feet per hour 
P is the period of the cycle (in this case 
1 year, or 8,760 hours) 

For convenience, the temperature range at 
several depths was calculated and the results 
plotted on semilogarithmic paper. The points 
were then connected by a straight line and the 


relation of temperature range vs. depth could be 
read for any desired point. 

The shape of the curve of annual temperature 
variation at the surface is assumed to be sinus- 
oidal. At increasing depths, the curve of annual 
temperature variation is similarly shaped but 
lags behind the surface. The lag may be deter- 
mined by calculating the wave velocity through 
the ground and dividing the depth by this 
velocity. 


Wave velocity = 2\/7a/P (2—-A) 


The lag was determined for several depths 
and plotted on rectangular coordinates so that 
temperature lag for all points could be read as 
desired. 

Since the number of days in the year is so 
close to 360, the above determined lag can be 
treated as lag angle in degrees. The starting 
date, October 1, was assumed to be 60 days after 
the maximum temperature point and therefore 
can be treated as a lead angle. The actual tem- 
perature of the ground at any depth, x, has been 
calculated as follows: 

Tx = 52 + T, cos (60 — lag angle for depth x) 
(3-A) 

The temperature profile in the ground at the 
time refrigeration was started is calculated on 
this basis. 

Start the construction at the top of figure 30, 
plotting temperature to a scale of 1” = 10° and 
depth beneath the floor to the scale 1” = 10”. 
If we take 6-inch distance intervals in making 
the plot of profiles, the time interval will be: 


(distance-interval)? __ 
2 < diffusivity 
0.5 X 0.5 
2 x 0.039 
The air temperature is plotted to the left of 


the boundary of the floor at a distance that 
equals 


Time interval = 


=3.2hr. (4-A) 


conductivity of ground — 13.5 


= == 8.2 inch 
surface to air film coefficient 1.65 Saancn 


(5-A) 


The upper plot on figure 30 is marked off with 
6-inch depth divisions starting with A—A, B-B, 
C-C, etc. These are located so that the floor 
surface, O, is midway between A—A and B-B. ; 

It is assumed that when the refrigeration is 
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started, the air temperature drops at the rate of 
3° per hour. At time 1 (3.2 hours) the air tem- 
perature is 55.6° and this point is located on the 
air temperature line and time 1 profile is drawn 
from this point to the intersection of B—B and 
the initial temperature line (65°). From the 
intersection of the time 1 profile and A-A, a 
line is drawn to the intersection of initial tem- 
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perature (65° F.) and C-C and the point where 
this line meets B-B is the intersection of time 
2 profile and B-B. The time 2 profile is com- 
pleted by connecting this point to C-C and 65 
and also to the air temperature (45.8° F. at 
time 2) on the air temperature line. 

The point where time 3 profile intersects B—B — 
is determined by the straight line connecting — 


A-A to C-C on the time 2 profile. The point, 
where time 3 profile intersects C—C is deter- 
mined by the straight line connecting B—B to 
D-D on the time 2 profile. The profile is com- 
pleted by connecting the point B-B to the air 
temperature determined for time 3 and by con- 
necting the point on C-C to D-D at 65. 

In this manner, the various profiles may be 
constructed. By time 4, the air temperature has 
reached 32° F. and here it is held constant. 

Upon reaching time 10, the temperature 
changes per unit of time in each unit of depth 
are becoming so small there is difficulty in con- 
structing an accurate figure. At this point the 
distance intervals are doubled, which means 
that each profile is then 4 time units apart. New 
depth division lines A’—A’, B’—B’, C’-C’, etc., are 
drawn, located so that the floor surface is mid- 
way between A’—A’ and B’-B’. 

To present figure 30 in this report a change 
has been made in the depth scale at time 18 and 
again at time 82. This is merely for convenience 
in presentation. 

At time 50 and at time 130 the depth intervals 
are again doubled to increase the ease of plotting 


and each doubling of depth interval is accom- 
panied by a fourfold increase in the number of 
time units between profiles. 

When the various profiles have been pro- 
duced, heat flow rates are calculated by reading 
from the chart the various temperatures at the 
indicated time intervals as shown in table 15. 
Difference between surface and air temperature 
multiplied by inside film coefficient, 1.65, deter- 
mines heat flow from the surface. Temperature 
difference between surface and the 1-foot depth 
multiplied by conductivity per foot of soil gives 
the heat conducted through the first foot of soil. 
Note that as the profile through this section 
becomes straighter, this calculated value ap- 
proaches the calculated heat flow rate from the 
surface. This also holds true for the heat con- 
ducted through the second foot of soil. In other 
words, when the temperature profile between 
two points is a straight line, conduction ac- 
counts for all of the heat leaving the section. 

The heat flow rates at the various times as 
determined in table 15 are plotted on figure 7 
and may be compared with the heat flow rates 
determined from experiment. 


TABLE 15.—Calculation of heat flow rates from temperature profiles shown in figure 30 


Temper- Temper- Temper- 
Time from start ature Temper- ature Temper- ature 
Time rm Air Surface | difference Heat ature difference Heat ature difference Heat 
interval temper- temper- air to flow 1 foot in first flow 2 feet in second flow 
Hours Days ature ature surface rate down foot rate down foot 

No. oR: Fas oF. Btu/hr/ i OB °F: Btu/hr/ °F. ok. Btu/hr/ 

sq ft sq ft sq ft 
9D in ce GRAZ Nai etrs 45.8 58.0 12.2 DORM cacteoh Sane laparocorn See toeuysm es eral ease eee | co deote, cere | Eee ste 
Ate tend 12.8 % 32.0 49.2 alge 28.4 63.1 13.9 be CEN IRR Pl PaO eM | WE Doe eros 
Sep ences 25.6 1+ 32.0 43.8 11.8 19.5 57.6 13.8 1 Ey Oia | aA ae cre tee | toa) Bee Sete |e ames serene 
be: Sa ea 45.0 2- 32.0 40.8 8.8 14.5 52.2 11.4 1D te i ee sen oy | Pores ere a fal (Geren 
22 70.5 3- 32.0 39.4 7.4 12.2 49.0 9.6 1 US Hal anes nal PAN Rented [aaa 
SOFA bs 96.0 4 32.0 38.2 6.2 10.2 46.8 8.6 0 Tea foil (eset ce atone seme eter leneaie tier mriic 
fe Aa arene 134.0 5.5 32.0 37.2 Dee 8.6 44.6 7.4 ts Jo PR ree CP ean nia Ine erenecee 
SOY Sea: 160.0 6.67 32.0 36.8 4.8 7.9 43.7 6.9 TENN hn ev cg een ee | ee Seocen eer vel | Chere reneRele 
GGA eots 211.0 8.8 32.0 36.2 4.2 6.9 42.2 6.0 Gr Suilincke ected yee tera | eeemeneeetene 
BD etn te 262.0 11.0 32.0 35.7 3.0 6.2 41.0 5.3 (Ya OGM freebie coterie | ates ease earoar re ahcy 
OB ee eae: 314.0 131 32.0 35.4 3.4 5.6 40.3 4.9 DLO Ml enters Call erocs etewetel| creamer rere 
03 I: eee 365.0 15.2 32.0 30) 1 Syaal §.1 39.7 4.6 OAT AE deus Seater ss | eeshere opera omeee ore ceuens 
SORA ts 416.0 17.3 32.0 34.9 2.9 4.8 39.1 4.2 4.7 43.0 3.9 4.4 
WAG. ois 621.0 25.9 32.0 34.2 2.2 3.6 37.4 3.2 3.6 40.6 3.2 3.6 
OO se oi 826.0 34.4 SZ OM ee Aponte | terse reel llcacseaecemmede 3626. |in5.aee wel |Raeacagae 39.4 2.8 one 
O22 att! we 1030.0 43.0 TBO Mie searct che aha ltete tess cou'es cheat | alles aaaneten chs SGOAOM|ED ceneitee |e eee 38.5 2.5 2.8 
SSO! ss. 1235.2 51.5 SD AO Geeta epsceelltesees Sees thre | teerentconh SOMO Ue es susie | eeameee Dilecih, 2.2 2.5 
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APPENDIX B 


Basic Relations and Equations 


The symbols used in the appendixes and else- 
where in the report have the following mean- 
ings and dimensions: 

t, outdoor dry bulb temperature (de- 

grees F.). 
t. =sol-air temperature (degrees F.). 
tam ==Maximum sol-air temperature (degrees 


gas 

te. average daily sol-air temperature (de- 
grees F.). 

t, outside surface temperature (degrees 
F.). 


tsn = Maximum outside surface temperature 
(degrees F.). 
t., ==average daily outside surface tempera- 
ture (degrees F.). , 
t, =inside surface temperature (degrees F.). 
t.. average daily inside surface tempera- 
ture (degrees F.). 
t; average daily inside air temperature 
(degrees F.). 
q = heat flow rate (Btu/hr/sq ft). 
Qmax == Maximum rate of heat flow actually en- 
countered (Btu/hr/sq ft). 
L =thickness of material (ft). 
K = thermal conductivity (Btu/ft thickness/ 
sq ft/hr/°F. Td. in Part II of report. 
In Part I conductivity is given per 
inch of thickness). 
p =density of material (Ib/cu ft). 
C =specific heat of material (Btu/lb/°F.). 
h, — inside air film heat transfer coefficient 
(value of 1.65 Btu/hr/sq ft/°F. Td. 
used in these calculations). 
h, = outside air film heat transfer coefficient 
(value of 4 Btu/hr/sq ft/°F. Td. used 
in these calculations) . 
U = overall thermal transmittance including 
film factors (Btu/hr/sq ft/°F. Td.). 
U’ = overall thermal transmittance excluding 
film factors (Btu/hr/sq ft/°F. Td.). 
a = Thermal diffusivity (sq ft/hr). 
A =—area of surface (sq ft). 
I =the intensity of solar radiation incident 
Bee the outside surface (Btu/hr/sq 
t). 
b =the absorptivity of the outside surface 
for solar radiation (dimensionless). 
6 =time (measured in hours after noon). 
n =the harmonic coefficient (n — 1 for first 
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harmonic or fundamental, n = 2 for 
second harmonic, etc.) . 

t, =the harmonic temperature coefficient (t; 
for first harmonic, t. for second har- 
monic, etc.). 

a, —the harmonic phase angle degrees (a; 
for first harmonic, as for second har- 
monic, etc.). 

¢én =the harmonic lag angle, degrees (¢; for 
first harmonic, ¢2 for second harmonic, 
etc.). 

An = the harmonic decrement factor. 

A, =the fundamental decrement factor for 
first harmonic. 

A» =the second harmonic decrement factor. 

Ae=the equivalent decrement factor that 
closely approximates A,. 

A, =the decrement factor for steady flow; 
i.e., without storage of heat. 


The following summarizes the basic formulas 


regarding period heat flow as set forth in the © 


reports by Mackey and Wright [10, 11, and 12] 
and by Stewart [17]. 

The sol-air temperature is defined as the tem- 
perature of outdoor air which, in contact with a 
shaded building surface, would give the same 
rate of heat transfer and the same temperature 
distribution through the material as exists with 
the actual dry-bulb temperature of the outdoor 
air and the actual intensity of solar radiation 
incident upon the surface. This relation is ex- 
pressed as follows: 


bl bl 
fess a es eee ae (1-B) 


The equation which describes the periodic 
sol-air temperature as a function of time is: 


co 
t.=t,a+t = t, cos (15né — a,) 
m— a! 

The equation for the temperature of the in- 
side surface of the building material at any 
time, where the incident solar radiation and 
outside air temperature are periodic and the 
temperature of the inside air is constant, hy 
equals 4, and h, equals 1.65, is as follows: 


t, = ty 0.606 (tes at) 
0.856 +7 


(2-B) 


co 


= , Anta COS (15nd —a, —¢n) (3-B) 
i —— 


The instantaneous rate of heat transfer from 
the inside surface to the inside air is: 
= 1.65 (t, — t)) (4-B) 
An approximate solution has been presented 
_ for the temperature of the inside surface of 
the material which is much simpler than equa- 
tion 3—B and which gives acceptable results. 
Let the steady-flow mean daily temperature 
of the inside surface be represented by t,,, and 


tog = ty + 2:806 (ten =f) 
0.856 ++ 


(5-B) 
or 


te=t+ yor [tet] (6B) 


The inside surface temperature of the ma- 
terial may be approximated in terms of sol-air 
temperature at a time which is earlier by the 
fundamental time lag, in hours ($,/15). 

The temperature of the inside surface of ma- 


terial at a time (6 +4 ) hours after noon is 


related to the sol-air temperature at a time 6 
hours after noon as follows: 


(Ng po tre + Mal (te) « — taal (7-B) 
Also 
(to) ph =f + ae (fe — t) + 
MS [ee tale 2 (858) 


Equation 8—B may be used to determine rate 
of heat flow if t; is subtracted from both sides 
and both sides are multiplied by 1.65 (h,). 


S Jt is 
THERMAL CONOUCTANCE, # [11 ; 


This operation reduces to the following form: 


(Do+ =| (toy 4% t, | 1.65 


16 


=U (tea — ti) + 1.65. [ (te), — tea]  (9-B) 
(a)o + as) as U| te a ti + al (te), ni tea] | 
(10-B) 


The maximum heat flow from the inside sur- 
face occurs approximately at ¢1/15 hours (the 
fundamental time lag) after the maximum sol- 
air temperature occurs; therefore: 

max = U lie —t $A tn a ten) | (11-B) 

The equations for the decrement factor \ and 
the lag angle ¢ are extremely complex and are 
given in the original references. Mackey and 
Wright presented graphic solutions that are 
very useful; figure 31 presents the graph from 
which the decrement factor may be read and 
figure 32 gives value for the lag angle. 

Up to this point, the discussion has considered 
the use of a single homogeneous material 
through which the heat is flowing. Very few 
such structures will actually be encountered. To 
use the foregoing charts, it is necessary to de- 
termine the equivalent homogeneous structure. 
This has been defined as the simple homogene- 
ous wall or roof which will have the same varia- 
tion in inside surface temperature with time as 
does the actual composite wall or roof under 
identical ambient conditions. 

The references contain several methods for 
determining the equivalent homogeneous con- 
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FicurE 31.—Chart for determining decrement factors. 


Reprinted by permission from Report No. 1299, “Periodic Heat Flow—Composite Walls or Roofs,’ by C.-O. Mackey and L. T. Wright, Jr.. Trans- 


actions of A.S.H.V.E., vol. 52, 1946, p. 283. 
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FIGURE 32.—Chart for determining lag time and lag angles (assumed conditions the same as in figure 31). 
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struction. The one used in this report is that 
detailed in Stewart’s report [17] and is as 
follows: 

The fundamental time lag (hours) is first 
determined for each layer separately by calcu- 
lating the thermal conductance (K/L) and KpC, 
and by using figure 32. The sum of the time 
lags of the several layers is then equal to the 
time lag of the combined wall. The thermal con- 
ductance of the combined wall equals the re- 
ciprocal of the sum of the thermal resistance of 
the several layers, and this equals the thermal 
conductivity of the equivalent homogeneous 
material (K/L)... 

Using the equivalent thermal conductance 
(K/L), of the structure and the combined time 
lag, the equivalent (KpC), of the structure is 
read from figure 32. Using (K/L), and (KpC),., 
the fundamental (first harmonic) decrement 
factor A, is obtained from figure 31. The second 
harmonic decrement factor, As, is then obtained 
from figure 31 by using the same (K/L), but 2 
times (KpC).. The equivalent decrement factor 
A. 1s determined from the following schedule, as 
suggested by Mackey, for variously oriented 
surfaces: 

Horizontal roof _____ Ae = 0.7A, + 0.8A2 


North wall Ae = 0.7A, + 0.8r2 
East wall Ae = 0.2, + 0.8Ar2 
South wall Ao = 0.6A, + 0.4r2 
West wall = 25s Ae= 0.4, + 0.6rAz 


The equivalent decrement factor A, approxi- 
mates A, as determined from the fundar..ental, 
second harmonic, and higher harmonic decre- 
ment factors. 


Calculation of the \., A, and Fundamental Time 
Lag for the Various Walls and Ceilings Studied 


The calculations for the equivalent decrement 
factor, A., the decrement factor without storage, 
As, and fundamental time lag, 4, are made in the 
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manner described above and with the use of 
figures 31 and 382. 

Table 16 shows the calculations for the walls 
and ceilings at the various test locations. In 
certain cases, the thermal resistance determined 
by test has been used in the calculations. 

When a material appears for the first time in 
the table, the p, C, and KpC values are given. 
Upon successive appearances in the table, these 
quantities for a given material are not given. 

Table 17 shows similar calculations for © 
typical wall and roof constructions commonly 


used in storage practice, but not tested in the | 


experimental work reported herein. 


Relation of Outside Surface Temperature and 
Sol-Air Temperature for Average Daily 
Conditions and Maximum Conditions 


Earlier in appendix B, sol-air temperature 
has been expressed by equation 1-B, as follows: 


se 4p (12-B) 


It has been defined as the temperature which, 
in contact with a shaded building surface, would 
give the same rate of heat transfer as exists 
with the actual dry bulb temperature of the out- 
door air and the actual intensity of solar radia- 
tion incident upon the surface. Thus we may 
write the instantaneous rate of heat flow into 
the outside surface as follows: 

q = hy (t. — t.) (13-B) 

If the average entry of heat into the outside 
surface over a 24-hour cycle is calculated for 
the case where all periodic temperatures and 
solar intensities return to their starting values, 
and where cooling equipment is operated within 
the structure, then the average heat flow into 
the surface will be: 


da = hy (tay ‘at tia) (14-B) 


Furthermore, if outside conditions are cyclic 
with a 24-hour period and inside conditions are 
constant, the average daily rate of heat entering 
the outside surface will equal that leaving the 
inside surface, although at almost every instant 
during the period the two quantities may be dif- 
ferent. Since average heat flow from the inside 
surface and average surface temperature have 
been measured in the experimental work, the 
average daily sol-air temperature may be calcu- 
lated using the customary value of 4 for h,. In 
most of the cases given in table 7, the average 
daily sol-air temperature so determined would 
be from 0.2° to 0.7° F. higher than the average 
surface temperature given in that table. 

When the relation between sol-air and surface 
temperature at a particular instant is consid- 
ered, the problem becomes more complex. When- 
ever the surface is receiving and absorbing solar 
radiation, the surface temperature is raised 
above the surrounding air temperature and a 
large part of the heat absorbed is discharged to 
the surrounding air, while another part is con- 
ducted away from the surface and into the 
material beneath the surface. The rate at which 
this may occur depends on the characteristics of 
the material. A portion of the heat conducted 
into the material may be absorbed in raising the 
temperature of the material at a given point if 
the temperature difference across a given unit 
of material at that point is not sufficient to con- 
duct the heat away as fast as it enters. 

The experimental records show that during 
the morning hours when solar radiation is first 
being received, the change in surface tempera- 
ture can be very rapid, and under such a condi- 
tion a large part of the heat entering the surface 
is being absorbed by raising the temperature of 
the materials directly beneath the outside 
surface. 

At location 3 the presence of thermocouples 
within the insulating material on the roof en- 
ables us to draw temperature profiles through 
the material at different times of the day and 
these in turn can be used to estimate the rate of 
heat entry to the outside surface at maximum 
conditions. These data can then be used to 
approximate the relation between maximum 
surface temperature and maximum sol-air tem- 
perature. 

In making this analysis, some relations set 
forth by Jakob and Hawkins [6] are useful. In 
that reference, it is shown that, with a given 
temperature distribution through a plate, the 
rate of heat flow at any point X is 


— _ Ka ot S 
qx = —KA 5x (15-B) 
The slope of the temperature distribution 
curve is m. If this is plotted as the first derived 


curve, the temperature gradient curve is ob- 


tained. If the ordinates of the temperature 
gradient curve are multiplied by a constant 
A, the heat flow at any point in the plate is 
indicated by the curve. 

The change in the quantity of heat stored in 


a unit section of the plate = KA oO dx (16-B). 


The second derived curve may be obtained by 
plotting the slope of the temperature gradient 
curve at various points through the plate, and 
the rate of heat stored in each element is a 
constant KAdx times the second derived curve. 

The rate of heat storage also is equal to 


t 
A dx pC S (17-B) 
Therefore: 
at _K Ao*t dx 
A dx pC p=" (18-B) 
ot Kot 9% (19-B) 


08° pC ox? * Ox? 

If a temperature distribution curve is selected 
at such a time that heat is neither being stored 
nor released in the section at the outer surface, 
then all the heat entering the material must be 
passing on into the material because of conduc- 
tion, and an estimate of this flow can be made 
by plotting a temperature gradient curve at this 
time. Fortunately, such a situation occurs at 
the time of maximum outside surface tempera- 
ture. As the maximum is approached, the tem- 
perature of the surface material is increasing 
and therefore heat is being stored in the ma- 
terial, and after passing through the maximum 
the temperature of the surface is decreasing and 
the material is releasing heat; but at the max- 
imum point the change of temperature of the 
surface material with respect to time is zero, 
and heat is neither being stored nor released by 
the layer of material at the surface. Therefore, 
all the heat entering the material is being car- 
ried away by conduction. 

Two diagrams are presented showing tem- 
perature distribution curves and the derived 
curves for temperature gradient through the 
insulation at location 3 (figs. 33 and 34). One 
is for a day when the roof had a coat of alumi- 
num paint and the other is for a day when the 
roof was painted black. 

In the first case, the rate of heat fiow in from 
the outside surface at the time of maximum sur- 
face temperature is 5.6 Btu/hr/sq ft and in the 
second case is 6.35 Btu/hr/sq ft. Using hy, equal 
to 4, equation 13—B then indicates that at this 
condition the difference between sol-air tem- 
perature and surface temperature is in the order 
of 1.5° for this kind of roof structure. 

One point deserves further comment. The 
temperature distribution curves were deter- 
mined from temperatures recorded at finite dis- 
tances apart (2 inches) in the insulation and 
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Through Aluminum-Painted Roof, Location 3* 


TEMPERATURE DISTRIBUTION AND 
GRADIENT CURVES IN APPLE STORAGE HOUSE 
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FIGURE 33 


therefore probably do not exactly show the 
distribution in the outer layer of insulation, 
because if they were exact, the temperature 
gradient curve would have a short portion at 
zero slope at the surface. For the data presented 


for the roof with black paint, this condition is 
approximated. However, in both cases, the slope 
for the temperature gradient line approximates 
zero 1 hour after the maximum surface tem- 
perature has been reached. 
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Through Black-Painted Roof, Location 3° 


TEMPERATURE DISTRIBUTION AND 
GRADIENT CURVES IN APPLE STORAGE HOUSE 


TEMPERATURE DISTRIBUTION 
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FIGURE 34 


If heat flow values were taken from this latter 
curve, the difference between sol-air tempera- 
tures and surface temperatures would be some- 
what less than at the time of maximum surface 
temperature. However, it appears that the dif- 
ferences derived for time of maximum surface 
temperature are the correct differences to use. 

When the amplitude of surface temperature 
variation that has been encountered in the tests 
is considered, then the error introduced by using 
average and maximum surface temperatures in 
place of sol-air temperatures is not great. The 
foregoing analysis was made for the case where 
the surface consists essentially of an insulating 
material with a high thermal resistance and the 
heat can enter the material at a restricted rate. 
If the material is a good conductor of heat, ther 
there is a substantial error introduced by using 
surface temperature as an approximate sol-air 
temperature. There were not sufficient data 
available from any of these tests to correctly 
evaluate this error; however, some analysis of 
the data from the west-facing wall at location 6 
indicated that the error at the time of maximum 
surface temperature would be greater than 5° 
and might run as high as 10° to 15°. It is proba- 
ble that the estimate of maximum heat leakage 
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rate for the wall at locations 3, 4, and 6 would 
be in error, because the outer wall surface is 
composed of a good conductor and the wall sur- 
face temperature would be substantially lower 
than sol-air temperature at the time of max- 
imum outside condition. The other walls tested 
have exterior surfaces that are portions of the 
insulation, and here the sol-air and surface tem- 
perature should be fairly close together. 


Calculation of Ratio of Maximum to Average 
Heat Plow Rates for Various Design Conditions 


Consider the case of a cooler operated through 
the summer months and designed on the basis of 
average temperatures as follows: 

Walls—outside temperature 85° F. 
Ceiling—outside temperature 95° F. 
Inside room temperature 30° F. 

From the ASHAE Guide, use a maximum 
sol-air design temperature for north, east, south, 
and west walls that averages 14° above the 
mean sol-air temperature and for horizontal 
surfaces use a maximum sol-air temperature 
that is 44° above the average. The average 
amplitude of sol-air temperature variation for 
the walls has been calculated from the 1 p.m. 
values, because this is the time when the roof 
sol-air temperature is maximum. The average 
assumes that all four walls have the same area. 

The ratio of maximum to average heat flow 
for the walls will be as follows: 


de Xe 
Qmax __ U ((85 — 30] +d, 14) __ 55 +2, 14 
q-. U (85 —30) Baa 5455 


With this formula, the ratio of maximum to 
average heat flow may be calculated for the 
selected values of A,./A, and the values plotted on 
figure 29. 

A similar calculation has been made for the 
ceiling, using 95° as the average outside tem- 
perature and 44° as the amplitude of sol-air 
temperature variation. 

Calculations were made for freezer storages 
using these same outside conditions and a minus 
5° inside temperature. 

For mild-temperature storages that operate 
only in the cooler portions of the year, two sets 
of calculations were made. One was based on 
65° average outside temperature and the other 
on 55°. 

For the 65° condition, the average roof sur- 
face temperature was assumed to be 75° and the 
amplitude of sol-air temperature variation for 
this surface was taken as 40°. The amplitude 
of sol-air temperature variation for the walls 
was assumed to be 12°. 

For the 55° condition, the average roof sur- 
face temperature was assumed to be 65°. The 
amplitude of sol-air temperature variation for 
the roof was 35° and that for the walls was 11°. 


The amplitudes of sol-air temperature varia- 
| tion that have been used for the 65° and 55° 
| design conditions have been selected by arbi- 
trarily reducing the values used for the 85° 
|condition. However, a study of some of the sur- 
face temperatures shown in table 7 indicates 
that the values used are reasonable and have 
| been encountered in actual experience. 

The ratio of maximum to average heat flow 
|for the walls is much less than for a ceiling 
| operating under the same design condition be- 
| cause solar load is maximum on the different 
walls at different times. Actually, the east, 
south, and west walls each experience a time 
| during the day when the ratio of maximum to 


average flow is comparable to that experienced 
by the ceiling. 

The values shown in figure 31 were calculated 
from the data in the ASHAE Guide, which gives 
information regarding design sol-air tempera- 
tures to be expected in an industrial atmosphere. 

Using the data reported by Mackey [9] for 
Lincoln, Nebr., which were considered as typical 
data for a clear atmosphere, an investigation 
was made of the difference in amplitude of sol- 
air temperature variation for roofs and walls of 
a structure located in a clear-atmosphere region. 
For summer design conditions, the amplitude of 
sol-air temperature variation for the roof would 
be raised from 44° to 53°. For the walls, little 
change would occur. 
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